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On conventional cylinders, the store operation takes
T/24t, seconds on the average: T/2 to get to the
desired address and ¢, for the actual writing.

To store an item on our PAM, we do not have to wait
until the heads get to a prespecified sector; we can write
on the first empty memory slot encountered. The time
delay d involved with that, obviously depends upon the
distribution of empty slots on the cylinder, and it is in
general considerably smaller than 7'/2. For the case
that there are ¢ empty slots distributed uniformly, on
the cylinder, the expected delay d(e) was computed
elsewhere.® Here we will bring some numerical results
for illustration. If S=10 then we have:

e 1 5 10 15 20
expected d(e) in 45 12 049 024 0.13
units of ¢,

These results mean that if the cylinder is not heavily
loaded we have a very good chance of finding an empty
slot in the first sector encountered.

On the other hand, the second part of the store opera-
tion takes longer than its conventional counterpart.
Once the CIH gets to the control sector containing an
empty €C, it takes 2-f,+8& seconds to complete the
store operation. This is more than the standard i,
seconds, but the much shorter rotational delay would
more than compensate for it, in most cases.

Storing a set of items

This operation was already described in detail. The
time required to carry it out depends again upon the
distribution of empty slots on the cylinder surface.
This time is calculated elsewhere® for the case that the
empty slots are distributed uniformly.

Retrieval of unordered sets

Let A(p) be the set of items defined by the simple
predicate p€ P. Namely, A (p) is the set of items stored
on the PAM, which satisfy p(n).

Let M be the maximal number of pages containing
items from A (p), which belong to a single data sector.

For the sake of retrieval of such sets (and also for
other purposes) we allocate a single bit in each CC for
system use; it will be called mark-bit. We will use the
terms: to mark and wnmark an item, for making its
mark bit 1 and 0 respectively. In addition we will use
the word marked as a primitive predicate which is
“true’’ for marked items.

The following is an algorithm which retrieves the set
A(p) in M revolutions of the cylinder. The retrieval

process has two phases:

Phase 1: During the first revolution we look for items
satisfying p(n). As many of them as possible will
actually be retrieved and their mark bit will be set to 0
(note that not more than one item per sector can be so
retrieved). All the other items satisfying p(n) will be
marked. Let R be the number of items so marked. R
would obviously be zero if M =1; in this case the
retrieval is accomplished in one revolution. If, however,
R #0 we continue with Phase 2.

Phase 2: Now we are looking for items which satisfy
the predicate:

p(n) Amarked

trying to retrieve them. (Again, we can retrieve only one
per sector.) Each such item, if retrieved, is unmarked
and R is reduced by one. The retrieval process is
terminated when R becomes zero.

A few remarks are in order:

(a) The marking of items does not take any extra
time; this is due to the efficient correction
capability of the control space provided by the
head separation.

(b) The algorithm can be carried out only if the
memory can handle predicates of the form:

p(n) Amarked.

Note, however, that if we can guarantee that
items which do not belong to A(p) are un-
marked, then in phase two we can simply look
for marked items.

(¢) The efficiency of set retrieval obviously depends
upon the distribution of the set on the cylinder
surface. This means that although we do not
have to know the address of an item stored on a
PAM in order to retrieve it, we should keep some
control on the distribution of sets of items. The
efficiency of this operation for randomly dis-
tributed sets is calculated elsewhere.®

Deletion

To delete an item, it is enough to erase its control
cell. Given a simple predicate p we can therefore delete
the set A(p) in T4i¢, second® regardless of its dis-
tribution on the cylinder. This efficiency is again due to
the head separation.

Other associative I/ operations, such as the retrieval
of sets defined by composite predicates are discussed
elsewhere.®®
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Some odd applications of the proposed memory

Although a comprehensive study of the applications
of the proposed memory is not within the scope of this
paper, we will mention here two of its less obvious
usages. The usages to be discussed here depend more on
the effectively <nstantaneous modification capability
created by the head separation, than on the associative
addressing,

(a) Synchronization of parallel processes which access
the same information, is a common problem in
data-base management. In particular, if two
processes P1 and P2 are capable of modifying
the same item 7, they must be prevented from
doing that at the same time. Otherwise, the
following undesirable sequence of events may
oceur:

P1 reads item z.
P2 reads item 4.
P1 replaces ¢ with modified information.
P2 replaces 7 with modified information.

In the context of the proposed PAM, such
processes can be synchronized by means of
“semaphores” (cf. Dijkstra®). Every bit in the
control cell can serve as a semaphore since it can
be set and reset instantaneously.

(b) The second useful application of the “instanta-
neous modification capability” is that it provides
us with a very simple and cheap way for main-
taining vartous ‘“‘usage statistics.” Suppose that
we are interested in the number of retrievals of
each item in the memory. Suppose in addition
that we can afford to allocate a suitable count
field in each CC. All we have to do then is to
increment by one the count field of every item
when retrieved. This capability may be quite
useful for data-base administration.

CONCLUSION

As pointed out in the introduction, the detailed descrip-
tion of an organization of rotating associative memory
was not intended to imply that it is the only, or even
the best way for realizing associativity on rotating
devices. The basic ideas presented in this paper can be
put together in several different ways as it is shown
elsewhere.’® One of the possible variations is worth
mentioning here: The control information can be stored
on a relatively slow random-access memory, external to
the rotating device. Such an organization does not require
any change in the device itself.

Space limitations do not allow us to include any dis-
cussion of the applications of the proposed memory.
Such a discussion is particularly necessary because of
two reasons:

(a) Because of the current unavailability of large
scale associative memories, there is almost no
published study of their use. (There are, how-
ever, several papers which discuss the use of
stimulated associative memories in data-base
environment.?)

(b) The proposed memory is quite restricted; it is
only “partially associative” and it is not really
large, from the point of view of “data base’’ type
applications. Therefore, the ways for utilizing
such memories are not obvious.

Elsewhere® we consider some applications of the
proposed PAM, but a comprehensive study of the
subject is yet to be done.
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The page fault frequency replacement algorithm*

by WESLEY W. CHU and HOLGER OPDERBECK

University of California
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INTRODUCTION

Dynamic memory management, is an important advance
in memory allocation especially in virtual memory and
multiprogramming systems. In this paper we consider
the case of paged memory systems: that is, the physical
and logical address space of these systems is partitioned
into equal size blocks of contiguous addresses. The
paged memory system has been used by many computer
systems. However, the basic memory management
problem of deciding which pages should be kept in the
main memory to allow efficient operation without
wasting space is still not sufficiently understood and
has been of considerable interest. Obviously, pages
should only be removed from the main memory if
there is a very low probability that they will be used in
the near future. The difficulty lies in trying to deter-
mine which pages to remove, without incurring difficult
implementation problems at the same time.

Many replacement algorithms have been proposed
and studied in the past, such as Random, First-in
First out, and Stack Replacement Algorithrs! [for
example, Least Recently Used (LRU)]. These replace-
ment algorithms are usually operated with a fixed size
memory allocation. For such a fixed size memory
replacement algorithm we need to have prior knowledge
about program behavior. For example, in the LRU case,
we need to have an estimate for the number of page
frames which have to be allocated for each individual
program. Further, program behavior is usually data
dependent and changes during execution. An efficient
replacement algorithm should therefore automatically
adapt to the dynamically changing memory require-
ments. A recent study by Coffman and Ryan? shows
that such dynamic storage partitioning provides sub-
stantial increases in storage utilization over fixed
partitioning. The working set model of program be-

* This research was supported by the U.S. Office of Naval
Research, Mathematical and Information Seciences Division,
Contract Number N00014-69-A-0200-4027, NR 048-129,
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havior? takes into account the varying memory require-
ments during execution. With respect to this model, we
call the replacement algorithm, which keeps exactly
those pages in main memory that have been accessed
during the last 7 references, the Working Set Replace-
ment Algorithm. The performance of the Working Set
Algorithm still depends on the choice of the working
set parameter 7 and program characteristics (e.g.,
locality).4 Further, the Working Set Algorithm appears
expensive to implement. Therefore we were motivated
to develop an adaptive replacement algorithm which is
largely independent of program behavior and input data
and is simple to implement. We shall use the page fault
frequency (the frequency of those instances at which an
executing program requires a page that is not in main
memory) as an adaptive parameter to control the
decision process of the replacement algorithm. Since the
page fault frequency reflects the actual memory require-
ments of a program at execution time, the Page Fault
Frequency (PFF) Algorithm can be applied to arbitrary
programs without prior knowledge about program
behavior.

The performance of replacement algorithms is
usually compared in terms of efficiency and space-time
product. Because of the complex nature of program
behavior, we used simulation techniques to measure the
efficiency and the space-time product for various pro-
grams. From these simulations we were able to compare
the performance of the LRU and Working Set Replace-
ment Algorithms. Next we describe the PFF Algorithm
and compare its performance with the LRU and Work-
ing Set Replacement Algorithms. Finally, we discuss the
advantages of this new replacement algorithm when
employed in a multiprogramming environment and the
implementation of the PFF Replacement Algorithm.

PERFORMANCE OF LRU AND WORKING
SET REPLACEMENT ALGORITHMS

Because of the complex nature of program behavior,
analytical estimation of such parameters as page fault
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Figure 1—Stack distance frequency for the four
measured programs

a) FORTRAN and META7

frequency and the average inter-page-fault-time (aver-
age process running time between page faults) becomes
very difficult. Yet this information is important in the
planning of an efficient replacement algorithm that
optimizes system performance. Therefore we employ
measurement techniques for such estimations. This
technique has been used previously to measure dynamic
program behavior® and also to measure the performance
of the Belady Optimal Replacement Algorithm,® the
LRU Replacement Algorithm,”8 and the Working Set
Replacement Algorithm.*

For this purpose an interpreter for the UCLA
SIGMA-7 time-sharing system has been developed.
This interpreter is capable of executing SIGMA-7
object programs by handling the latter as data and
reproducing a program’s reference string. This sequence,
in turn, can then be used as input to programs which
simulate various types of replacement algorithms. For
convenience in presentation, we let the time required
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b) FORTCOMP and DCDL

for a thousand page references correspond to one
millisecond (msec).

Four different programs of various characteristics
were interpretively executed. A FORTRAN Program
(FORTRAN) and a FORTRAN compiler (FORT-
COMP) were chosen as representatives for programs
with small localities. A META7 compiler and a DCDL
compiler represent programs with large localities.
METAY7 translates programs written in METAT7 to the

TABLE I—Characteristics of Measured Programs

SIZE NUMBER OF
PAGE
REFERENCES
STATICs, DYNAMIC 7,
FORTRAN 24 38 4,870,000
FORTCOMP 24 39 3,810,000
DCDL 44 71 3,010,000
META7 84 165 2,590,000
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assembly language of the SIGMA-7. The DCDL
(Digital Control and Design Language) is written in
METAY. It translates specifications of digital hardware
and microprogram control sequences into machine
code. To illustrate the behavior of these programs,
Figures 1a and 1b display the stack distance frequencies
as defined in Reference 1. The frequent occurrence of
large stack distances (20 and more) for META7 and
DCDL indicates that the localities for these programs
are larger than the localities of FORTRAN and
FORTCOMP.

Table I shows some characteristic properties of these
programs. The column ‘size’ is divided into two parts.
‘Static’ refers to the number of pages, s, necessary to
store the program as an executable file on a disk where
one page consists of 512 32-bit words. ‘Dynamic’
indicates the number of different pages, 7, actually
referenced while processing the given input data. There
are two reasons why 7o is not equal to so: first, not all the
pages which make up the program may be referenced
while processing a particular set of input data; second,
a number of data pages is created and accessed during
execution to provide for working storage space, buffer
areas, etc.

The number 7, is of special interest because it is equal
to the minimal number of page faults which will be
incurred by every replacement algorithm based on
demand paging. Actually, r, page faults will occur even
if not a single page is replaced. In this case, all page
faults are caused by the very first reference to a page.

For a given page reference string « and a given
replacement algorithm with its parameter, the page
fault frequeney f(w) is defined as the ratio of the number
of page faults during processing w to the total number
of references in w.

flw) =

o~ 13

where

r=total number of page faults
t=total number of page references

For a finite #, since r>7,>0, f(w) is always greater
than 0. The average inter-page-fault-time is t/r page
references. A

If no pages are replaced, the smallest page fault
frequency is fo(w) =7/t which depends on 7, and ¢. In
general, fo(w) is different for different programs and
could be different even for the same program when
processed with different sets of input data. For this
reason, it is awkward to use f(w) as a measure to
compare the performance of a replacement algorithm

when applied to different reference strings. We there-
fore define a normalized page fault frequency, f,(w), as

r—7"re
t

Ju(w) =

The normalized page fault frequency considers only
those page faults which are caused by references to
pages which have been accessed before but which were
replaced later. Clearly, if no pages are replaced, f.(w)
is 0.

The efficiency E for a program execution is defined as
the ratio of total virtual processing time (processing
time without page-wait times) to the total real pro-
cessing time (total virtual processing time plus total
page-wait times) ; that is,

_ total virtual processing time
total real processing time

1

" T E W

where
R=T,/T,

T..=access time of main memory
T =access time of secondary memory

R is called the speed ratio of a particular combination
of secondary and main memory. We assume 7', to be
the time of one page reference (10~ msec). The maxi-
mum efficiency which can be achieved if no pages are

replaced is
-1
Eo= (1+ 2 ~R>

E, again depends on 7y and ¢ and is therefore in
general different for each reference string. For this
reason, we define the normalized efficiency E, which
corresponds to the normalized page fault frequency
i n(w)y as

En=[1+fu(w)-ET"

and use this as a measure to compare the performance of
various replacement algorithms. Note that E, always
reaches its maximum of 100 percent if no page is
replaced that will be referenced again, and that E, is
independent of rq.

Figures 2 and 3 display the normalized efficiency and
the average inter-page-fault-time as a function of
memory space allocation for the LRU Algorithm with
R =10,000.* For a given memory space we notice that

* These curves can be derived directly from the stack distance
frequencies in Figure 1 (see Reference 1).
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Figure 2—Normalized efficiency of the LRU algorithm

different programs have different normalized efficiencies
and different average inter-page-fault-times. Further,
programs with small localities tend to yield better
performance than programs with large localities. The
average inter-page-fault-time increases as the assigned
memory space increases and reaches its maximum,
t/ro, as the memory space reaches a certain size. At this
memory size the normalized efficiency reaches 100
percent. Further increase in memory space does not
increase the average inter-page-fault-time and efficiency.
The fact that all four curves in Figures 2 and 3 have
their steepest slope occurring at different memory sizes
reflects the different memory needs for each program.
Thus, for a given process that uses the LRU replace-
ment algorithm, one of the most difficult tasks is to
determine the size of the memory which is to be allo-
cated for each process. Assigning too large a number of
page frames for a process results in inefficient utilization
of memory space, while assigning too small a number of
page frames yields too many page faults, resulting in
inefficient operation. A procedure which gives the same

amount of main memory to every process will almost
surely result in either inefficiencies or waste of storage.
In addition, the estimate of the memory needs of a
process should be fairly accurate because only a few
pages less than actually necessary means, in many cases,
a large decrease in the average inter-page-fault-time.
The determination of the amount of required memory is
further complicated by the fact that it is usually data
dependent and may vary during execution.

In contrast with the LRU Algorithm, the Working
Set Replacement Algorithm requires a variable sized
storage space for each process. This variable storage
space provides the capability to adapt to dynamic
changes in program behavior. The working set W (¢, 7)
at a given time ¢ is the set of distinet pages referenced
in the process (or virtual) time interval ({—7+1,1),
that is, the set of pages accessed during the last =
references where 7 is called the working set parameter.
The working set size w (¢, 7) is the number of pages in
W (¢, r). The basic replacement policy is to keep in the
main memory those pages which have been referenced
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Figure 3—Average inter-page-fault-time of the LRU algorithm
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during the last 7 msec. r is an important parameter
which affects the performance of the Working Set
Algorithm.

In general, the Working Set Algorithm can be con-
sidered as an LRU Algorithm with variable size
memory allocation. There is, however, a crucial differ-
ence. Using an LRU Algorithm, pages are always re-
placed when a page fault oceurs. This does not apply to
the Working Set Algorithm. Here, page frames are freed
whenever they have not been accessed during the last 7
msec. A strict implementation would require the setting
of a flag at this point; that is, an indication that the
corresponding page frame can be used for a different
page of any process. Another problem is to detect the
exact time when a page has not been referenced during
the last 7 msec. Hence, it appears to be rather expensive
to implement the Working Set Algorithm.

In the simulation of the Working Set Algorithm we
assume that exactly the working set is kept in main

! T T
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Figure 4—Normalized efficiency of the working set algorithm
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Figure 5—Average inter-page-fault-time of the working
* set algorithm

memory. This means that a page fault is recorded
whenever a page is accessed which is not included in
the current working set. However, in systems using the
working set strategy it may happen that a page leaves
the working set and returns later without leaving main
memory in the meantime. Thus, the actual page fault
frequency during execution can be slightly lower than
the page fault frequency we observed during simulation.
This, of course, is true for every replacement algorithm
which frees page frames without allocating them
immediately to another page.

Figures 4 and 5 display the normalized efficiency and
the average inter-page-fault-time as a function of 7
for.the four programs when the Working Set Replace-
ment Algorithm is employed.* Both the average inter-

* For more measurement data on the Working Set Replacement
Algorithm and their applications, interested readers should refer
to Reference 4.



602 Fall Joint Computer Conference, 1972

page-fault-time and the normalized efficiency increases
rapidly as 7 increases for the range of 7 less than 80
msee. This suggests that in implementing a Working
Set Replacement Algorithm for these four measured
programs, we should choose a parameter r of at least
80 msec. For =200 msec, the normalized efficiency for
all four programs is greater than 85 percent. We also
note that different programs achieve different efficien-
cies. For a given 7, the programs with small localities
usually give better performance than the programs with
large localities. This occurs because » may not be large
enough to keep the favored pages in the main memory to
assure a high efficieney and high average inter-page-
fault-time.

As defined in (1), program efficiency is the ratio of
total virtual processing time to the total real processing
time and provides us with information on how fast the
process will run. From an economic point of view, an-
other parameter of interest is cost. Therefore, we shall
also include cost of storage as a measure to compare
various replacement algorithms. One of the criteria is
the space-time product which can be considered as being
proportional to the cost of storage. Belady and Kuehner?
define the space-time product C during the real time
interval (0, t) as

o f S(z) de (2)

where S(z) is the amount of storage occupied by the
process at time 2. The real time occupancy of informa-
tion in main memory can be much longer than the actual
processing time. This oceurs because of multiple pro-
cesses running in parallel and because of page-wait
times. Since our study is concerned with the application
of replacement algorithms to individual programs, only
page-wait times have been considered.

If we consider the execution of a program as a discrete
process, the integral in (2) can be replaced by a sum
which consists of two parts. The first part is the space-
time product, due to the actual processing, while the
second part is due to the total page-wait time. Thus,
the space-time product C' can be re-written as

t r
C= > STut+ 2 8ur1*R-Tn (3)
=1 =1

where t is the total number of references; r is the total
number of page faults; 8; is the number of allocated
page frames prior to the ¢th reference (¢ is called the
number of the reference); ¢; is the number of the
reference which causes the 7th page fault (since we do
not preload any pages, h=1); and S;:;1 is therefore the
number of page frames which are allocated during the
1th page-wait time.
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Figure 6—Space-time product of the LRU algorithm

Since Y%y Si;s1° Tmand .4y ST, are independent
of R, C is a linear function of R. If we know C for R=0
and C for another R(0<R< «), then we can compute
> ii1 Stspre T from (3), and thus C for any R for
O0<R< . For example, the space-time products of
R=0 (the dashed lines) and R=10,000 for META7
with the LRU Algorithm are shown in Figure 6. The
space-time produet for B =5,000 can be obtained easily
from a linear interpretation of the curve R=0 and
R=10,000. Hence the space-time product presented in
this paper can also be extrapolated to other values of
R(O<R< ),

Figure 6 displays the space-time product as a function
of the allocated memory space for the LRU Replace-
ment Algorithm with B=10,000. Figure 7 displays the
space-time product as a function of = for the Working
Set Replacement Algorithm with R=10,000.

Comparing Figure 6 with Figure 2, we observe two
interesting properties. First, the minimum space-time
product is below the number of page frames necessary
to achieve maximal efficiency. This means that minimal
space-time product and maximal efficiency can be
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Figure 7—Space-time product of the working set algorithm

contradictory. This is because, when the number of
allocated page frames reaches the point that yields the
minimal space-time product, an additional page frame
may decrease the total number of page faults (that is,
increase the efficiency) and thereby possibly decrease
the space-time product due to page-wait times [second
term in (3) ]. However, this decrease is not off-set by
the increase in the space-time product due to actual
processing [ first term in (3)].

Second, in terms of the space-time product it is much
more disastrous not to allocate enough pages to a pro-
cess than to allocate too many. For instance, in the
METAY case, if 70 pages of memory space are allocated
instead of the optimal number of 55 pages, the space-
time product increases from 247 to 306 pageseconds.
But if only 40 pages are assigned to the same process,
the space-time product increases to 700 pageseconds.
Comparing Figure 7 with Figure 4, we observe similar
characteristics except that the Working Set Replace-
ment Algorithm has a much better and less sensitive
(with respect to 7) space-time product. than does LRU.

From the above study we know that the major dis-
advantage of the LRU Replacement Algorithm is that
it is not at all clear how many pages have to be allocated
for different programs in order to assure efficient run-
ning without wasting space. In addition, this number is
usually data dependent and may vary during execution.
The Working Set Replacement Algorithm constitutes a
possible solution to this problem. In this case, the
amount of main memory which has to be allocated is
automatically determined by the number of pages
referenced during the last  msec.

Since all of the measurements were done with the
SIGMA-7 time-sharing system, the results presented
here are somehow characterized by this very system.
However, the conclusions are likely to be applicable to
other paging systems. The reason for this is that pro-
gram behavior is mainly determined by programming
characteristics as for example, looping, modularity of
code, and data layout. These characteristics are rela-
tively independent of, for instance, word length or
instruction set, and are common to all major computer
systems. This assumption is supported by the fact that
the results of the LRU Algorithm simulations for the
SIGMA-7 are very similar to those for other computer
systems (see Joseph’s results for the ATLAS-computer,®
and Coffman and Varian’s results for the IBM 360/507).

From the above measurement results, we know that a
replacement algorithm that is to achieve a small space-
time product, has to adapt itself to the memory require-
ments at execution time. Therefore,-the number of page
frames assigned to a process must not be a constant,
but must vary according to program demand during
execution. Lastly, the implementation of the replace-
ment algorithm should be simple and of low cost. With
these as our objectives, in the next section we introduce
a new replacement algorithm that has these properties.

THE PAGE FAULT FREQUENCY
REPLACEMENT ALGORITHM

An ‘“4ideal” replacement algorithm should be in-
dependent of prior knowledge about program behavior;
instead, all of the information needed to assure efficient
memory allocation should be gathered during program
execution. Conceptually, the Working Set Algorithm
accomplishes this by keeping a table with an entry for
each page which indicates when the corresponding page
has been referenced last. This information enables the
memory scheduler to decide when a page frame can
be freed.

The Page Fault Frequency Algorithm uses the
measured page fault frequency as the basic parameter
for the memory allocation decision process. We assume
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that a high page fault frequency indicates that a process
is running inefficiently because it is short of page frames.
A low page fault frequency, on the other hand, indicates
that a further increase in the number of allocated page
frames will not considerably improve the efficiency and,
in fact, might result in waste of memory space. There-
fare, to improve system performance (e.g., space-time
product) one or more page frames could be freed.

The basic policy of the PFF Algorithm is: whenever
the page fault frequency rises above a given critical
page fault frequency level P, all referenced pages which
were not in the main memory, therefore causing page
faults, are brought into the main memory without
replacing any pages. This results in an increase in the
number of allocated page frames which usually reduces
the page fault frequency. On the other hand, once the
page fault frequency falls below P, page frames may be
freed. The same operation will be repeated whenever the
page fault frequency rises above P again. We shall
designate P, measured in number of page faults per
msec (1 msec=1,000 page references) as the PFF-
parameter. P may be expressed as P=1/T, where T is
the critical inter-page-fault-time. We shall use the
inversion of the inter-page-fault-time as a running
estimate of the page fault frequency. That is, at the
time of a page fault, if the inter-page-fault-time is less
than or equal to 7, then we increase the number of
page frames by one and no pages in the main memory
are replaced. For example, P==1/50 means that if one
or more page faults (excluding the current one) occurred
during the last 50 msec, the memory scheduler will add
one page frame to the allocated memory at the time of
a page fault. As an initial condition it is assumed that
a page fault occurred at time 0. This allows a process to
start collecting its pages at the beginning of processing.
Note that this “increase decision’ is based only on the
number of page faults which occurred during the last
T msec (virtual time) and is not based on the total
number of page faults which occurred since the pro-
cessing began. Thus the PFF Replacement Algorithm
provides very fast response to a sudden increase in
memory requirements.

Let us now describe the “decrease decision” rules of
the PFF Algorithm: (1) page frames in the main
memory are only freed at the time of a page fault,
(2) only those page frames are freed which have not
been referenced since the last page fault occurred, and
(3) page frames are freed only if the page fault fre-
quency lies below the critical level P. More precisely,
let & denote the time at which the kth page fault
occurred. The page fault frequency lies below the
critical level P at time 3y if and only if & <tpu—7T,
where T=1/P. In this case, all page frames which have
not been accessed in the time interval (i, 1) are
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Figure 8—Normalized efficiency of the PFF algorithm

freed. If &, >tx.1— T, then no page frame is freed since
the page fault frequency lies above P. We note that 7'
is somewhat similar to the working set parameter 7.
However there is an important difference. While =
indicates when a page should be freed, T represents
only a lower limit. Furthermore, in contrast to the
Working Set Algorithm,* page frames in the main
memory are only freed at the time of a page fault.
Therefore, the time at which a page frame is freed
depends not only on T but also on the page fault fre-
quency. This policy provides the PFF Replacement
Algorithm with an extra adaptive capability which
makes its performance less dependent on program
characteristics than is the case with the Working Set
Algorithm. The PFF Replacement Algorithm may
therefore be considered as a Working Set Algorithm
with variable 7, where the value of = is determined by

* This is, of course, only true for the strict implementation of the
Working Set Algorithm which has been simulated.
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Figure 9—Average inter-page-fault-time of the PFF algorithm

the page fault frequency and the lower limit of 7 is
T=1/P. The PFF Algorithm may also be viewed as a
LRU Replacement Algorithm with variable size memory
allocation where the size is determined by 7 and the
inter-page-fault-times.

Figures 8 and 9 show the normalized efficiency and
the average inter-page-fault-time for the PFF Replace-
ment Algorithm for which P ranges from 1/10 to 1/200
page faults/msec. Figure 8 reveals two interesting
properties of the PFF Algorithm: (1) For P <1/100, the
normalized efficiency is larger than 90 percent for the
four measured programs. This implies that high effi-
ciency can be achieved by the PFF Replacement
Algorithm by using the same page fault frequency
parameter for all four programs regardless of their size
and characteristics. (2) for FORTCOMP and FOR-
TRAN the normalized efficiency is virtually independent

of P. The same is true for DCDL if P is less than 1/40
and for META7 if P is less than 1/120 page faults/msec.

Figure 10 displays the space-time product for the
PFF Replacement Algorithm. Again we can observe
that the performance of the PFF Algorithm is almost
independent of the choice of P for P<1/50. For the
four measured programs, the space-time products are
almost constant over a wide range of values of P. The
performance of the PFF Replacement Algorithm is
therefore relatively insensitive to P. This is a very
appealing feature of the PFF Algorithm since it alle-
viates the task of selecting a parameter P for imple-
mentation. :

In Figure 11, the number of allocated page frames i$
displayed as a function of virtual processing time. As
can be seen, the memory requirements for the four
programs are quite different, and the number of allo-
cated pages varies during execution, particularly for
META?7 and FORTRAN. This clearly demonstrates
the adaptive capability of the PFF Algorithm. The area
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Figure 10—Space-time product of the PFF algorithm
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below the four curves corresponds to the space-time
product due to actual processing time. For simplicity
in representation, only major changes in the number of
allocated page frames are indicated in Figure 11.
Nevertheless, the figure shows clearly that the majority
of page faults which resulted from changes in program
locality occurred during relatively short time intervals.

COMPARISON WITH THE LRU AND
WORKING SET REPLACEMENT
ALGORITHMS

In order to compare different replacement algorithms,
it is not enough to compare their measured efficiency,
since every replacement algorithm will yield a high
efficiency if the number of replacements is very small.
This can be achieved by providing a large amount of
memory. A better criterion for evaluating the per-
formance of a replacement algorithm is the amount of
main memory required to achieve a high efficiency
level. For this reason the space-time product is a more
valid measure for comparison.

Let us use the performance of a specific PFF Al-
gorithm with P=1/100 page faults/msec to compare it
with the LRU Replacement Algorithm for various
numbers of allocated page frames. Figure 12 shows that
the space-time products of the PFEF Algorithm for all
four programs are lower than the minimum space-time
products achievable by the LRU Replacement Al-
gorithm. This implies that the performance of the PFF
Algorithm is better than that of the best LRU Algorithm.

The above results reveal the inefficiency involved in

the fixed-size memory allocation. In such systems good
performance can only be achieved if we allocate a
number of page frames which is close to the optimal
number that minimizes the space-time product. But
even if we knew this optimal number, the performance
of the PFF Algorithm would still be superior. This is
especially true in those cases where the memory require-
ments vary drastically during execution (e.g., METAT).
If the memory requirements are relatively constant
(e.g.,, FORTCOMP), then the performance of the
LRU Algorithm is similar to that of the PFF Algorithm,
provided that the optimal number of page frames is
known a priori.

Figure 13 shows a comparison of the performance of
the Working Set and PFF Algorithms. The space-time
product is plotted for the working-set parameter r and
PFF-parameter P. For large values of r, the space-time
product of the Working Set Algorithm is usually lower
than the space-time product of the PFF Algorithm for
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corresponding values of P. Within the range of P and =
of interest, the space-time product of the PFF Algorithm
is less sensitive to P than the space-time product of the
Working Set Algorithm is to 7. A similar statement can
be made with respect to the normalized efficiency and
the average inter-page-fault-time (see Figures 4, 8 and
5, 9). Since the space-time product of the PFF Al-
gorithm is relatively insensitive to the PFF-parameter
P, we do not have to know an “optimal PFF-parameter”
to come close to optimal performance. Further, the
minimum space-time product of the Working Set
Algorithm is comparable to that of the PFF Algorithm.
The normalized efficiency and the average inter-page-
fault-time of the PFF Algorithm are greater than the
normalized efficiency and average inter-page-fault-time
of the Working Set Algorithm for all corresponding
values of P and 7. This shows that the performance of
the PFF Algorithm is comparable to the performance of
the Working Set Algorithm.

APPLICATION OF THE PFF ALGORITHM IN
A MULTIPROGRAMMING ENVIRONMENT

Variable-sized memory allocation algorithms such as
the Working Set Algorithm and the PFF Algorithm are
useful in a multiprogramming environment where the
main memory is shared by several programs. In this
case the total amount of main memory not occupied by
the resident supervisor can be considered as a pool of
available page frames. These page frames are allocated
to processes and returned to the pool according to the
dynamically changing memory requirements of. each
individual process.

In the previous sections, we have used simulation
techniques to study the performance of different
replacement algorithms. It has always been assumed
that there is enough main memory available so that a
process can extend its memory space whenever needed.
Any implementation of these variable-sized replace-
ment algorithms, of course, must consider the possi-
bility that the pool of available page frames is empty.
The probability of this event is determined by the
degree of multiprogramming and the type and size of
the programs currently in the main memory. However,
these variables can, to a large extent, be controlled by
the process scheduling mechanism. Therefore, memory
management is closely related to process scheduling in
multiprogramming and time-sharing systems.

In order to reduce CPU idle time due to excessive
page swapping, each process must be provided with
enough main memory to keep the page fault frequency
low. In a multiprogramming environment, it is ¢rucial
that this is accomplished without waste of memory
space. The PFF Replacement Algorithm provides the
supervisor with a means of achieving this effect which
assures the same high efficiency level for programs of
completely different types and sizes. In addition, the
decrease policy of the PFF Algorithm continually
tries to free those page frames which are no longer used
by the process which enable processes to be run effi-
ciently without wasting memory space.

The PFF Algorithm can also be very helpful for
process - scheduling since it gives the supervisor in-
formation about the required number of page frames
for each process during execution. Once a process is
removed from the main memory this information can
be used to schedule this process for the next time
quantum. In general, a process will be put on the
processor queue only if there are enough available page
frames in the pool. The information about the memory
space of each process can also be used to decide which
process has to be removed from the main memory if
the page frame pool becomes empty.

There are many ways for the supervisor to make use
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of the information about program behavior provided
by the PFF Algorithm, Further investigations might
yield other interesting applications.

-IMPLEMENTATION OF THE PFF
REPLACEMENT ALGORITHM

The implementation of the PFF Algorithm is very
simple. We need only a clock in the CPU to measure
the time between page faults of every process. This
clock measures the process (or virtual) time of each
process. The current process time is recorded in the
process’ stateword. The page table entry can be used to
determine which pages are residing in the main memory.
For those paging systems that have a USE-BIT fea-
ture, this feature can be used to determine those pages
which have been referenced during the time interval
since the last page fault occurred. Whenever a page fault
occurs, the USE-BITs are reset and the supervisor
determines whether the process is operating below the
critical page fault frequency level P. For this purpose
the time of the last page fault has to be stored. If the
last page fault occurred more than 7'=1/P msec ago,
the USE-BITs are used to determine which pages have
to be removed from the main memory.

Let us now consider the overhead of the above
mentioned operations. We know that:

1. The overhead is proportional to the number of
page faults. Since the PFF Algorithm assures a
low page fault frequency, the overhead is very
low.

2. Due to sudden changes of program localities the
virtual processing time between page faults is
very short in many cases (see Figure 11). When-
ever the time between page faults is less than
T'=1/P, no page frames are freed and therefore
there is no overhead involved in the “decrease
decision” in these cases.

From the above implementation discussion we know
that the PFF Algorithm is much easier to implement,
and requires less overhead to operate than both the
LRU and Working Set Algorithms.

SUMMARY

A new type of replacement algorithm based on page
fault frequency (PFF) is developed in this paper. This
PFF Replacement Algorithm allocates memory ac-
cording to the dynamically changing memory require-
ments of each process. It does not require prior knowl-
edge of program behavior and can be applied to

programs of different types and sizes. The PFF Algo-
rithm uses the measured page fault frequency as the
basic parameter for the memory allocation decision
process. A high page fault frequency is considered
to be an indication that a process needs more memory
space to run efficiently. Thus whenever a page fault
occurs the amount of allocated memory is increased
if the page fault frequency lies above a given critical
level P. P is called the PFF-parameter. The number
of allocated page frames may be decreased if the page -
of allocated page frames may be decreased if the page
fault frequency falls below this level P. In this case
only those page frames are freed which have not
been accessed between successive page faults. The
PFF Replacement Algorithm adapts to dynamic
changes in program behavior during execution. As a
result, this algorithm is largely independent of in-
dividual program behavior and input data.

Measurement results from simulation of the PFF
Algorithm for four different programs reveal that the
performance (in terms of space-time product) of this
algorithm is better than the performance of the best
LRU Replacement Algorithm (for which the optimal
memory space is known a priori), and is comparable to
the Working Set Replacement Algorithm. Further, the
performance is relatively insensitive to changes in
the PFF-parameter P.

The implementation of the PFF Replacement Al-
gorithm is simple and less complicated than that of
LRU and far less complicated than that of the Working
Set Replacement Algorithm. It does not require any
additional hardware. Using the PFF Algorithm in a
multiprogramming environment, the supervisor has
control over the efficiency and memory requirements of
all processes. Based on this information, the supervisor
can perform efficient process scheduling and memory
allocation. From this study, we conclude that the PFF
Replacement Algorithm should have high potential for
use in future virtual memory and multiprogramming
systems.
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INTRODUCTION

For many years, there has been interest in “program
locality”” as a phenomenon to be considered in storage
allocation. This notion arises from the empirical
observation that it is possible to run a program effi-
ciently with only some fraction of its total instruction
and data code in main storage at any given time. That
virtual memory systems can be made to run at all
demonstrates that program locality can be used to
advantage; and though it is certainly possible to write
a program which violates the principles of locality, it
seems one must go out of one’s way to do so.

- If a program is favoring a subset of its information
at some particular time, we should very much like to
know the identity of that subset. The set of favored
pagest of information at a given time will be called the
locality at that time. Using this information, we may
answer such questions as ‘“What behavior can be
expected of the program in the near future?” or “How
much storage should be allocated to the program at this
time?”” For some classes of programs the best we can do
is estimate this locality, whereas for others we may be
able to measure it exaetly. The utility of this measure-
ment is demonstrated by the fact that, for several
models of program behavior, the policy ‘“keep the
current locality in memory” can be proved to be an
optimal memory management policy. These models
include the independent reference model,! the locality
model,2® and the least-recently-used (LRU) stack

* Work reported herein was supported in part by NSF Grant
GJ-30126 and NASA Grant NGR-31-001-170.

** Present address: Division of Engineering, Brown University,
Providence, Rhode Island 02912. - :

**+* Present address: Department Computer Sciences, Purdue
University, Lafayette, Indiana 47906

t We assume pages are all of the same size, containing at least
one word each. Most of our results extend in a straightforward
manner to systems in which the block size is variable, so that
the assumption of paging is mostly a matter of convenience.
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model.45:¢ For other locality processes, this policy
appears to be nearly optimal3 1!

The means of measuring the locality, and the ac-
curacy of the measurement, depend on one’s definition
of “locality.” The definitions that have appeared so far
in the literature can be classified into two- categories:
the ntrinsic locality models, and the extrinsic ones.

Intrinsic models for locality assume that memory
references emit from a program according to some
(abstract) structure internal to the program itself.
The locality in effect at a given time is a function of the
internal state of the program at that time. Since the
state of the program may not be known, it is usually
not possible uniquely to. determine the locality by
examining the memory reference sequence of the pro-
gram. Some examples of this type of locality model are
page reference distribution functions,”® the independent
reference model,! the locality model,>® and the LRU
stack model.#® Another example can be found in
Reference 6, where, for p>0, it is assumed that there
exists a sequence of sets of pages W,(1), W,(2),...,
Wo,(t), ..., such that W,(t) is the smallest set of
pages containing the reference at time ¢ with probability
at least p. ‘

Extrinsic models do not rely on any assumptions of
internal program state. They define locality in terms of
observable properties of the memory reference sequence
of the program. Three examples of extrinsic locality
are: (1) Given a sequence of time intervals, the “locality
sequence” LiLs...L;... is defined so that L; is the
set of pages referenced in the 7th interval; (2) Given an
integer k> 1, define a sequence of time intervals so that
each locality L; in the locality sequence LiLs ... L; . ..
contains exactly k pages—i.e., exactly k distinct pages
are referenced in the 7th interval; and (3) A “working
set’” W(t, T) is defined to be the set of distinet pages
referenced among the last 7 references, and is a measure
of the locality at time ¢.9:10:11

Intrinsic models are useful primarily for analysis and
simulation. They are limited by the accuracy to which
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they simulate real programs. Due to the practical

difficulty of measuring or estimating the locality, they

may have little use in storage allocation. Extrinsic
models are evidently more practical, since they define a
measurement procedure; yet they are obviously limited
by the extent to which the measurement taken reflects
what the program is really doing. Such models are less
suited for use in modeling, but they can be used con-
veniently to allocate memory.

Although there are many models for defining the

concept of locality, little experimental verification of

their accuracy has been undertaken. The working set

model is perhaps the only exception.?:¢ TUnless a
given model can be shown to approximate closely the
behavior of real programs, any analytic results obtained
using the model are only of theoretical or academic

interest. Accordingly, we have chosen in this paper to -

emphasize experiments which ftest the ability of extrinsic
measurements to estimate current intrinsic localities and
predict future (intrinsic) localities, and the ability of
intrinsic models to simulate real world behavior.

Let us summarize the terminology that we shall be
using for the various meanings of locality. If, as dis-
cussed above, a program’s memory reference string is
divided into (not necessarily equal) time intervals, the
(extrinsic) observed locality L; is defined to be the set of
pages referenced in the ¢th interval. Since it may be
difficult to determine the internal state of a program
according to an intrinsic model, we usually in practice
use the observed locality in the immediate past (such
as the working set W(¢, T')) as an estimate for the
current intrinsic locality; this use is termed an estimated
locality. If we assume something about the program’s
internal structure, we may be able to predict, on the
basis of the current (estimated) locality, the most
likely references in a future interval; this is termed the
(intrinsic) predicted locality.

For some intrinsic models, the estimated locality can
quite accurately (or even perfectly) determine the
current intrinsic locality. Such models are clearly of
special interest, and we shall discuss two of them. A
third, the independent reference model, is in general
not as well measured by the workmg set, but is pre-
sented for comparison.

Throughout this paper, it will be assumed that
demand paging is being used and that a paging algorithm
is optimal if it minimizes the expected probability of a
page-fault in a given size memory.

MODELS FOR INTRINSIC LOCALITY

Consider an n-page program whose pages constitute
theset N={1,2, ..., n}. Areferencestringrira. . .7v. ..

is the sequence of members of N generated by the
program for given input data, where reference r, is the
number of the page containing the address referenced
at time ¢ (time being measured in terms of the number
of memory references made by the program). Suppose
a reference string has been divided up into intervals,
and L, is the observed locality in the 7th interval. With
respect to the given sequence of intervals, the reference
string is considered to satisfy the properties of locality
if 10

Pt

For almost all 7, L; is a proper subset of N;

2. For almost all 7, L; and L, tend to have many
pages in common; and

3. The observed localities L; and L,.; tend to

“become uncorrelated as j becomes large.

A program reference string is considered to have a high
degree of locality if L; is a small subset of N (statement
1), L; and L;y, differ by at most one page (statement
2), and the value of j for which L; and L,;; become
uncorrelated is small compared to the length of the
reference string,

A very general model for locality, displaying proper-
ties 1-3 intrinsically has been defined in Reference 3.
It defines a sequence

(Ly, &) (L, &) ... (Liyts) ... 1)

in which L; is the 7th intrinsic locality and ¢; the holding
time in L;; the L; are members of a specified set £ of
localities associated with the program, and are subsets
of N. During its stay in L;, the program generates some
sequence of references rars. .. 7y, over the pages of
L; only. The mechanism for generating the references
from L; is unspecified and may be arbitrary. The
current locality L. at time # is that L, for which
bt FHia<t<ti+---+t. A probability structure
can be imposed by specifying a transition matrix
[p(L, L") ] among localities L and L’ of £, and a set of
holding time distributions Az (t) for each L of £

In the following sections we shall discuss some special
cases of this general model. These cases are of practical
interest to the extent that our experiments indicate
agreement between localities predicted by these cases
and the localities actually observed by using the Worklng
set model.

The very simple locality model (VSLM)

This model assumes a fired size locality—i.e., the
localities L; in (1) are all of the same size I, where
1<I<n. At any given time ¢, the probability of refer-
encing an nterior page (a member of L,) is 1—2A; and
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the probability of referencing an exterior page (one not
in L;) and making a transition is A. All [ interior pages
are referenced independently and with equal proba-
bility (1/1). All n—1 exterior pages are referenced
independently and with equal probability (1/(n—1)).
When an interior page is referenced at time {+1, no
change in locality occurs—i.e.,, Ly1=L;, When an
exterior page is referenced, a change in locality occurs,
but to a demand-paging neighbor only—i.e., L=
Li+r.1—y where y is chosen at random from L,. The
unconditional probability of referencing an interior
page is at least as large as that of referencing an exterior
page, i.e.,

(a=»
!

which is equivalent to the condition A< (n—1)/n. This
model has two important parameters—the locality size
{ and the transition probability A—and will sometimes
be called the two-parameter model. Note that the mean
holding time in a locality is 1/\. For this model, the
storage allocation rule ‘“keep the current locality in
memory”’ has been proved optimal.?

It can easily be shown that for programs which fit this
model, it is impossible to determine absolutely the
current intrinsic locality from observations on the
generated reference string. We shall consider next the
accuracy with which we can estimate the locality by an
extrinsic model, namely, the working set.

As mentioned, the working set W (¢, T') is the set of
distinet pages referenced among the references
Teqy...7. If we desire to use the working set to
estimate the locality, we must specify 7T, the window
size. The choice of T' must satisfy two eriteria: (1) it
must be large enough so that all pages within the locality
are referenced with high probability, and (2) it must
be small enough so that, the likelihood of more than one
locality transition within the window is low (for several
transitions would introduce error). Although it is not
obvious that a suitable T can be found, it is the case
that for reasonable parameters of the VSLM, not only
does a T exist, but its value is not especially critical.
For the VSLM, condition 2 will hold whenever T<1/},
and our experiments verify that such values of T
typically exist. ‘

. We shall consider the working set to be a good
estimate of a VSLM locality when two criteria are
satisfied: (a) the average working set size is approxi-
mately equal to [, the locality size, and (b) the average
missing-page probability when the working set is kept
in memory is approximately A, the probability of
referencing outside the locality. Plots of working set
sizes and missing-page probabilities for various values
of n, I, and A show that? for small A (.01 or less), a

> 2 (2)
n—1

value of T' on the order of 5 or 10 times the locality size
will do an excellent job of achieving criteria (a) and
(b) above, irrespective of n and I. Furthermore, for
small values of A\, the values of the working set size and
missing-page probability level off and are nearly con-
stant in a large neighborhood of 7, indicating that the
choice of T is not too critical for these values of \.

For large values of A (in excess of 0.05), the working
set apparently does not provide as good an estimate of
the locality. In this case, the working set size and
missing page probabilities do not tend to level off at
the values of [ and A, respectively. Furthermore, the
value of window size needed to get the missing-page
probability equal to A gives a working set size as much
as 20 percent too large.

The simple LRU stack model (SLRUM)

This model is based on the memory contention stack
generated by the LRU (least-recently-used) page
replacement algorithm.5 This stack is simply a priority
ordering on all pages of a program according to the time
of their most recent usage. Thus, the first position
(top) of the stack is the current reference, the second
position is the next most recently used page, and so on.
When the page in stack position 7 is referenced, it is
moved to the top, and all the pages which were in
positions 1...7—1 are pushed down one position.
Specifically, if s(t) = (21, . . ., 2.) "is the stack at time ¢
and the page at position ¢ is referenced, the stack at
time t+1 is S(t+1) = (xi, Ty oo oy Li1y Tigly o+ 4y x,,).

To create the simple LRU Stack Model, we assign to
each position of the stack a fixed, independent proba-
bility. We will denote these probabilities ay, . . ., an,
where 7 is the number of pages in the program (and
thus the number of stack positions) and a;+ -+« +a, =1.
The a; are termed stack distance probabilities with ¢
being the distance (from the top of the stack). At any
given time stack position ¢z will be chosen with proba-
bility a;; if it is chosen, the page in that position becomes
the current reference and is brought to the top of the
stack, as above. '

If we make suitable restrictions on the a;, we can
cause this model to exhibit locality. In Reference 3,
the requirement is made that the a; be mono-
tonically non-inecreasing as one goes down the stack
(@=+++>a,)* If, under this restriction the stack is
divided at any point, the pages in the stack positions
above the division are all more probable than those
below the division. Specifically, if the stack at time
tiss(t) = (21, ..., xa), we can define a locality of size [

*This requirement can be weakended slightly to min {a. . .am} >
mMAaX {@m41, ++ - s8a} for LRU paging in a memory of size m [3].
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(for any !, 1<I<n) to be the pages {zy,...,z:}. By
dividing the stack at successive distances, a hierarchy
of localities may be defined. This hierarchy represents a
full ordering of localities, in that any given locality
contains all of those smaller than it.

Note that the SLRUM is a slight generalization of
the VSLM. At any given time, the probability of a
locality transition is

A=ayt--r+an

since a transition occurs if and only if the distance
exceeds I. Moreover, when a new locality is entered, it
is the demand paging neighbor of the former locality.

It can be shown that, if m, is the amount of memory
allocated at time {, the optimal storage allocation rule
for reference strings generated by this model is: “keep
the top m, elements of the stack s(¢) in memory, for all
1.7 It follows in particular that, if m, is the size of the
working-set W (¢, T'), the working-set policy is optimal
for this model (note that W (¢, T) then contains pre-
cisely the top m. elements of s(¢)). If m, is fixed, it
follows that the LRU paging algorithm is optimal for
this model.

It is worth re-emphasizing that the working set
W(t, T) and the observed LRU stack (i.e., the one
maintained by the LRU paging algorithm) both
measure ezactly the locality according to the SLRUM.
For this intrinsic model, therefore, extrinsic measures
provide an exact measure of locality.

The independent reference model (IRM)

‘In this model, the page references ryry...7r,... are
assumed to be independent trials under some fixed
probability distribution {¢i, ..., ¢.}. In other words,
the probability of referencing page 7 at time ¢ is given by
the stationary probability

Prlri=il=c; , (3)

Note that consecutive page references are taken ac-
cording to these probabilities without regard to the
previous references made by the model.

We may form a priority list for this model by ranking
the pages according to decreasing probability—i.e.,
there is a fized priority list (1,2,...,n) where
1> 0>+ ++ 2> ¢y Given a value of I, define a locality of
this model to consist of pages L(I)=1{1,2,...,1—1}
and that page x which was most recently fetched into
memory (note that I<x<n), so that a locality is of the
form L(I)-+x. The rule “keep the pages of L(m) in
memory at all times,” for memory size m pages, is
known to be optimal for the IRM.! As in the VSLM
and the SLRUM, transitions occur between demand-

paging neighbors only. Unlike these other two models,
however, the transition probability varies in time,
being ¢;+ « « « +¢,— ¢, whenever the locality is L (1) +zx.
The important difference between the IRM and the two
previous models is, the localities of the IRM are
essentially static in content whereas those of the VSLM
and the SLRUM are changing in content. We shall see
that, because of this difference, the IRM produces poor
fits to actual programs.

CRITERIA FOR EXPERIMENTATION

It is obvious that if one were to try to correlate the
reference strings produced by a model with the observed
reference string of some given program, one would have
very low success: Direct correlation is much too strin-
gent a requirement to place on a model. A more reason-
able, though indirect, way is to correlate interreference
densities; that is, the time between consecutive refer-
ences to the same page. However, even this method is
likely to be inconclusive (at least over relatively short
reference strings), since experimentation shows that
the interreference densities of real programs tend to be
quite irregular in shape, many zeros being interspersed
between non-zero probabilities.

We were interested primarily in testing whether or
not the reference strings generated by a given model
induce the same paging behavior as those generated by
a real program. Thus, we did not care about fitting
strings of references within a locality, since these will be
transparent to the paging system, assuming the locality
is retained in memory. We were concerned, however,
with locality transition behavior. Moreover, since we
wanted to use the working set to estimate the locality,
we desired the model to have similar working set
behavior, at least on the average.

Taking these factors into account, we decided to try
to fit two types of curves. The first is the average
working set size w(T), which gives the average working
set size in an interval as a function of the window size
T. The other is the average missing-page probability
q(T) as a function of the window size T, when exactly
the working set is kept in memory at all times. It has
been proved that the latter curve is (essentially) the
derivative of the former,” and thus we are in fact
fitting the model to the working set size curve and its
derivative.

Now, consider the probability of a given page’s not
being in the working set under window size T': this can
be shown equivalent to the probability of the inter-
reference interval for the given page being greater than
T Thus, the missing page probability ¢(T) corre-
sponds to the complementary cumulative overall
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interreference probability distribution. In this way, a
close fit by a model to the observed missing page
probability curve guarantees a close fit to the observed
overall interreference distribution, even though the fit to
the observed density will, as commented earlier, tend to
be quite poor.

Of course, this method of model fitting has its dis-
advantages. Its primary limitation is that both the
curves w(T) and ¢(T) are averages measured over an
interval. If the interval is too large, any non-stationary
behavior will tend to be masked on the average. For this
reason, most measurements were taken over what we
consider to be a suitably small interval (short compared
to the lifetime of the program), in most cases 20K
references (about 10,000 instructions). This necessitated
taking several measurements in various parts of a given
program’s reference string. For comparison, measure-
ments over a larger interval, 300K references long,
were also taken.

We decided for these experiments to ignore the dis-
tinction between instruction and data references.
Modern computers tend to make great use of such
operations as register-to-register instructions, indirect
references, and multiple data reference instructions
(such as LM and STM on the 360). The more a pro-
gram makes use of these operations, the less true the
tendency for instruction and data references to alter-
nate. We decided not to make detailed studies of how
instruction and data references are in fact mixed in
practical reference strings, as this question was second-
ary to our interest in locality behavior. Moreover,
most modern systems do not make any serious attempts
to distinguish “instruction working sets” from “data
working sets” in their storage allocation procedures.
Nonetheless, the effects of such a distinction may be
significant, and constitute a worthwhile project for
future research.

For each reference string segment tested, the ob-
served (OBS) working set curve, independent reference
probabilities {c;}, and LRU stack distance probabilities
{a;} were measured. A single-pass algorithm for meas-
uring the working set curve is given in Reference 10.
The independent reference and LRU stack probabilities
were determined by counting references to each page
and to each stack position, respectively. The value used
for n, the size of the total program’s page set, was the
total number of distinct pages actually referenced in
the reference string segment being studied. Pages
which were never referenced in the interval of measure-
ment were not counted in the value of n. This was done
mostly for convenience, and should have little or no
effect on the results.

Also included for comparison was an attempt to fit
the working set curve to the following exponential
function

w{T)=n(1—e37) B>0

where B is a parameter. This will be termed the ex-
ponential model (EXP).

Using the measured values for the independent
reference and LR U stack probabilities, the working set
curves for these two models were computed. (Algorithms
for computing the working set curves of the various
models are given in Reference 3.) For the locality model,
the parameters I and N\ were chosen to give the lowest
mean-squared relative error for the set of window sizes
10, 20, 30, . . ., 1000, against the observed w(T) curve.
The same procedure was repeated for the exponential
model to determine a value of the parameter B.

DESCRIPTION OF RESULTS

Programs on two machines were tested for fits with
the various models. The PAL assembler on the Digital

CHART 1—Description of Programs Measured

Page Size
Ref. Str. No. Machine (words) Description Refs. Skipped  Refs. Measured
0 PDP-8 128 Assembler, Pass 1 0 20K
1 PDP-8 128 Assembler, Pass 1 100K 20K
2 360 256 FORTRAN (G) COMPILER 1K 20K
3 360 256 FORTRAN (G) COMPILER i 200K 20K
4 360 256 Small FORTRAN job. One main loop. 1K 20K
5 360 256 Small FORTRAN job. One main loop. 160K 20K
6 360 256 Small FORTRAN job. One main loop. 1K 300K
7 360 256 Medium FORTRAN job. Several Subrou- 1K 20K
tines.
8 360 256 Medium FORTRAN job. Several Subrou- 100K 20K
tines.
9 360 . 256 Medium FORTRAN job. Several Subrou- 1K 300K

tines.
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CHART 2—Values of Parameters

Ref. Str. Total VSLM EXP
No. pages refd. { A B
0 11 4 .0025 .0013
1 12 4 .0027  .0015
2 35 5 .014 .00080
3 38 7 .022 .0012
4 20 3 .030 .0025 -
5 20 4 .020 .0020
6 20 4 .021 .0021
7 22 4 .024 .0020
8 20 3 .029 .0024
9 4 - 014 .00085

31

Equipment PDP-8 was run using a page size of 128
words, the standard page size for the machine. Several
IBM 360 programs were run, including two FORTRAN
jobs and the FORTRAN (G level) compiler itself. The
360 page size was chosen arbitrarily to be 256 words.
Chart 1 gives a description of each program. The
“reference string number” refers to a reference string
segment from each program. In particular, we expressed
thereference stringin the form e . . . 7641 -« Ttz -« oy
where k is the number of “references skipped” and z the
number of ‘references measured.” In other words,
Thi1: . . Thio 1S the reference string segment over which
we attempted to fit the models.

Curve fit results

Chart 2 gives the values of various measured or best-
fit parameters. It is important to note that the best-fit
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Figure 1—Working set size (Ref. St. 2)
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Figure 2—Working set size (Ref. St. 4)

VSLM locality size I was typically under 20 percent
of the program size n», that the locality transition
probability A was typically in the range 0.01 to 0.03,
and that the locality transition time 1/X was typically
in the range 30 to 100 references. Reference strings 0
and 1 were exceptions, having much lower transition
probability A than the others, this being due un-
doubtedly to the severely limited amount of memory on
the PDP-8 (4K words).

Chart 3 gives the results of the working set curve

(AV WORK ST SZ) /n
L 2 53 o

Figure 3—Working set size (Ref. St. 6)



Experiments with Program Locality 617

CHART 3—TFits to mean working set size curve

" Ref. Str. VSLM EXP IRM SLRUM
No. avg. error  worst error avg. error  worst error avg. error  worst error avg. error  worst error

0 7.5% 56% 37% 99% 849, 97% 28 % 33 9%
1 6.2 49 38 99 97 106 19 24

2 6.0 49 32 97 161 208 20 29

3 11 58 32 96 109 146 6.5 8.2

4 5.3 30 20 95 95 246 2.6 7.7

5 10 53 26 96 77 200 2.3 7.9

6 9.9 54 25 96 86 210 2.6 . 8.1

7 8.0 51 24 96 98 225 2.8 7.9

8 6.5 29 22 95 85 207 2.9 8.9

9 10 56 31 97 162 291 8.3 9.4

fittings for the various models, and Chart 4 gives the
corresponding results for the missing page probability
eurve. Two error measures are listed for each fit:
“average relative error” over the curve, and the “worst
case relative error.” Except for the IRM, the worst
errors occurred for very small values of T (less than
10); for the IRM, the worst errors occurred for the
largest values of T' (above 500). All errors are shown as
per cent of the observed value. The “average relative
error” is only an approximate value: it is found by
taking the square root of the previously mentioned mean
squared relative error (it can be shown that this repre-
sents an upper bound to the true average of the absolute
values of the errors). The worst case error is the largest
relative error considered over all integer window sizes
in the range 1 to 1000.

It seems apparent from the data that the SLRUM
performs the best over all in approximating the two
curves, with the VSLM a close second. The fits of these
two models are usually very good on the working set
curve. The errors in fitting the missing page probability
curve are larger, even unacceptably large in some cases.

However, it can at least be said that even for this curve,
these two models perform much better than either of
the others, again with the SLRUM slightly superior.
We can conclude from this that the models are better
for predicting a program’s memory demands than for
predicting its page-fault probability; further refine-
ments to the models are required to achieve the latter
goal:

Because of its static treatment of locality, the
independent reference model is the worst model of the
four. It consistently overestimates the workmg set size,
usually by a factor of 2 or 3.

Figures 1-3 show typical working set curves, and
Figures 4-6 show typical missing page probability
curves. All six figures show the observed (measured)
curve OBS, and the results of attempting to fit each
model. (EXP was omitted to aid in readability).
Figures 7-9 show typical stack distance probabilities;
all such curves show that the monotonically non-
increasing assumption of the a; tends to be valid for the
majority of values of 7. (Note the logarithmic vertical
axis on these figures).

CHART 4—Fits to Missing Page Probability Curve

Ref. Str. VSLM EXP IRM SLRUM
No. avg. error  worst error avg. error  worst error avg. error  worst error avg. error worst error
0 30% 2289, 266%, 4079, 7% 376% 84 9% 197%
1 36 190 301 413 167 419 85 181
2 29 132 93 127 133 426 27 118
3 82 131 157 207 70 210 5.1 26
4 32 94 40 90 103 479 16 48
5 85 157 119 224 74 417 19 43
6 72 153 100 192 81 435 18 38
7 37 158 62 110 93 450 9.5 37
8 30 92 48 91 89 420 10 37
9 57 190 117 195 102 609 14 40
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Figure 4—Missing page probability (Ref. St. 2)

Several other statistics of interest appear in Chart 5.
gr is the sum of the n—1 lowest measured independent
reference probabilities; it gives an indication of the
performance which could be expected if the program
were in fact an IRM program allocated ! pages of
memory. ¢, is the missing page probability for the
working set with window size T, where T, is chosen to
make the average working set size equal to I. Thus,
g1 and g, apply to the same average memory size. Notice
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Figure 5—Missing page probability (Ref. St. 4)
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Figure 6—Missing page probability (Ref. St. 6)

that gz is typically an order of magnitude greater than
¢, showing much more dramatically how pronounced
are the dynamic effects of locality: The assumption of
static locality would have led us to predict missing page
probabilities in the order of ¢r whereas in fact they were
in the order of ¢, This re-emphasizes the poor per-
formance introduced by a model assuming a static
locality.

It is also notable that in every case, T, <1/\, where
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Figure 7—Distance distribution (Ref. St. 2)
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1/ is the expected interval between locality transitions
in the VSLM. Thus, it is unlikely that more than one
such transition will occur in this size window, so that
the working set will be a good estimator of the VSLM
locality for all tested programs.

EXTENSIONS TO THE SLRUM

Attempts have been made to improve the SLRUM
by increasing the complexity of the process by which
stack distances are generated. Shedler and Tung? for
example, analyze a stack with a Markov process sub-
stituted for the a.. To our knowledge, no attempts have
been made to validate any extensions to the SLRUM,
other than that which we shall describe below.

CHART 5—Additional Statistics

Ref. Str. No. Q1 qw Tw TS hs
0 .14 .0088 75 —
1 .09 .024 45 . —
2 .33 .035 34 .038 10.6
3 .36 .071 40 11 12.7
4 .69 071 15 .015 5.5
5 .48 .042 36 .015 5.7
6 .49 .041 36 .015 5.7
7 .54 .046 31 .0084 4.2
8 .63 .070 15 .0040 4.0
9 .57 .030 43 .0056 4.0

A very simple attempt was made to improve the
performance of the LRU stack model. It was imagined
that stack distances would be selected, as before, ac-
cording to the a;, and the a; would be biased toward
short stack distances. Occasionally, however, a new set
of probabilities, the b;, would take effect for a short
time; these would be biased toward long stack distances.
The distribution {a;} corresponds to the intuitive
concept of “drifting slowly among neighboring locali-
ties,” whereas the distribution - {b;} to the notion
“jumping suddenly to very different localities,” or
“scrambling up the entire stack.” The choice between
{a;} and {b;} would be determined by a 2-state Markov
chain,

As has been suggested earlier, there is a distance
string didz...d;... associated with the program’s
reference string rir...7;... being measured. Given
the distance string, our problem was to determine which
distances should be considered data peints for the {a;}
distribution and which for the {b;} distribution. Some-
what arbitrarily, we decided to count the distances
toward the {b;} distribution whenever the majority of
the last four successive distances exceeded four (four

X EAG) 405 505 2.8 .00 15.50 FERG 20.60

3.3 ic.90
3TACK DIST

Figure 8—Distance distribution (Ref. St. 4)

was chosen since it represented a typical VSLM locality
size) ; distances would continue to be counted toward
the {b.}-distribution until four successive distances were
all at most four, in which case distances would be
counted toward the {a;}-distribution. The measured
value for the steady state probability =, of the {b.}
(or “stack scrambling”) state is shown in Chart 5;
7, is an indication of the fraction of time the program
spent making large jumps between localities. Except

5
e
;
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Figure 9—Distance distribution (Ref. St. 6)
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for reference string 3, all the programs seemed to spend
under 4 percent of their time jumping localities—i.e.,
they seemed to spend in excess of 96 percent of their
time obeying the properties of locality.

Chart 5 also shows the mean holding time A, in the
{b;}-state. In all cases, h, was at least as large as the
VSLM locality size [, suggesting that, when scrambling
is over, the resulting locality is likely to be disjoint from
the original locality.

As might be anticipated, however, the working set
size and missing page probability curves generated by
this extended model were in all cases indistinguishable
from those produced by the SLRUM. This is because
the transitions between the {a;} and the {b;}-states
occur independently of the process which generates
stack distances. Apparently, it is necessary to make the
stack-scrambling process correlated directly with the
stack distance generating process, perhaps by generating
distances directly from a Markov chain. Shedler and
Tung’s approach represents one possible solution,’
though as yet unvalidated.

CONCLUSIONS

We have attempted here to validate experimentally
several intrinsic models for the concept of program
locality. We have done this with particular regard to
the use of the working set as an estimator of the
(intrinsic) locality. We have tried to take examples of
both system software (a compiler and an assembler)
and user programs, and have attempted to fit each of
the models to the observed behavior of each given
program.

Fitting was attempted to the measured working set
size and missing page probability curves. In this way,
reasonable approximations to the paging behavior of
the actual programs could be obtained, without having
to consider other details of the programs of less im-
portance in paging.

Two models appear to produce good approximations
to real world behavior: the two-parameter simple
locality model and (especially) the LRU stack model.
The independent reference model, because of its static
concept of locality, does very poorly.

The working set is a good estimator of the simple
two-parameter model’s locality, provided the locality
does not change too rapidly; we observed no case in
which the locality was changing too rapidly for the
working-set to be a good estimator. The working set
exactly measures the locality in the case of the LRU
stack model and is thus nearly optimal for programs
whose behavior can be closely approximated by this
model.

The principal conclusions to- be drawn from this
work are:

1. There exist non-trivial cases in which the
working-set memory management policy is
optimal, and evidence suggesting it will perform
quite well when reference strings are generated
by locality processes other than the ones studied
here.

2. The concept of a “locality size” is not sharply
defined, as in the case of the simple two-param-
eter model; it is instead a graduated concept as
in the LR U-stack model.

3. The locality at any given time receives the vast
majority of references, is small compared to the
program size, and is constantly changing in
membership.

4. There is a tendency for transitions to occur
between mneighboring localities for the vast
majority of the time, transitions among disjoint
localities being relatively infrequent.

Stack models appear to hold great promise of being
good models for program behavior, especially as we
gain a better understanding of the processes by which
stack distances are generated.
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TASSY—One approach to individualized test construction

by THOMAS L. BLASKOVICS and JAMES A. KUTSCH, JR.

West Virginia University
Morgantown, West Virginia

During the past ten years universities and the com-
puting industry have seen the development of a new
mode of teaching called Computer Aided—or As-
sisted— Instruction (C.A.L). This new field, emerged
as an attempt to meet and deal with the growing
criticism and frustration of students, employers,
legislators, and faculties, which stemmed from our
inability to prepare students adequately.

Several very creative C.A.L. projects were directed
toward providing a whole new system of instruction.
However, to date, the success of C.A.I. has been
limited, at best. PLANIT, PLATO, LYRIC, COPI,
COURSEWRITER, and others have not been able to
meet the needs of the teaching community. The prob-
lems reported by the major projects are only in part
bounded by the technology of the computer.

At West Virginia University, we watched the develop-
ment of these systems with great interest and concern,
because we, like other universities, were faced with the
same problems. We carefully examined several of the
better-publicized systems with an eye toward imple-
menting one of them to meet our instructional needs. As
we analyzed the systems we discovered that C.A.IL
systems: '

1. Were too machine-dependent to allow a feasible
implementation without scrapping our existing
-~ hardware (an IBM 360/75).

Were too expensive in terms of Core require-
ments.

Made (what appeared to be) unreasonable
demands upon the instructor in terms of intimate
knowledge of programming and/or computer
technology.

Were “not yet available but would be soon”
even though the projected date had slipped by
several times. ‘

We also found that the present C.A.L systems were
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too monolithic. The decision to change a course or set
of courses to a C.A.L. approach requires a ‘“‘go-for-
broke” commitment. We found that users did not like
the non-incremental requirement of C.A.I. This was
not too surprising to us when we considered that most
of the end users who we were concerned about had
little or no experience with computers. N

Because of the many know factors in C.A.IL systems
and the type of commitment required, many potential
users we surveyed were reluctant to commit themselves
and their resources to a C.A.l effort.

As we were considering the major C.A.IL systems, we
were also engaged in trying to determine what our
students felt to be their own needs with regard to a
college education. Along with study of student needs,
we tried to discover the needs of the faculty with respect
to their problems in teaching. The results of our study
suggested that two problems existed. Students indicated
that a major source of frustration (and possibly
aggression) toward the University stemmed from a lack
of feedback from the “establishment” regarding indi-
vidual progress. A second, and only slightly less
important, frustration was stated to be the lack of
relevance of course material. Interestingly enough, the
students felt that given the feedback, they would be
able to deal with the problem of relevance themselves.
Student evaluations of professors indicated that where
amount of feedback was high, and good, relevance was
not a problem. The faculty, by and large, agreed with
the students feedback was a problem; however, they
saw relevance as being more ecritical to the learning
process. The faculty also indicated that they did not
have an easy means to provide feedback.

In analyzing our findings, it appeared to us that one
reason for the limited success of C.A.L in other univer-
sities was possibly that it might have been the wrong
solution for the problem facing the university at the
present time. , »

One of the claims of C.A.L. is that it allows the
instructor to individualize: to tailor the instructional
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experience to the student through a series of incremental
feedback statements. This seemed to imply that the
instructor would be spending more time with the
student. Our observation of ongoing C.A.I. systems
indicated that, once the horrendous task of program-
ming.had been accomplished, the instructor retreated
to his office or lab either to write new programs, to
collapse, or to become more deeply involved in his own
research again. The net effect of C.A.I. was to make the

student more dependent for help upon the machine, or

if he were available, upon a graduate assistant. In some
cases, the instructor developed a bad case of ‘‘Blinking
Light Syndrome” and spent his time diddling with the
machine,

Since C.A.I. seemed fraught with problems, we
decided to look more closely at the problems of feed-
‘back. We made -an assumption (tentatively) that the
instructor was able to teach the material. Analysis of
the instructor’s time indicated that he spent a large
portion of time developing, administering, and scoring
exam questions, keeping track of what his teaching
assistants were doing, worrying about the security of
his files—and precious little time actually teaching.
In most classes, the most feedback that students
received were scores on one or two major exams and the
final. In almost all cases we observed, the feedback was
delayed until as much as two to three weeks following
the respective tests. The students had virtually no
opportunity to analyze their performance, or to learn
where their deficiencies might be. It appeared that the
feedback system we were currently using could not be
seen, by any stretch of the imagination, as a learning
experience. (In some cases it was viewed by the students
simply as a means of satisfying the sado-masochistic
tendencies of the faculty.)

In an analysis of one undergraduate course of 325
students, we found that the teaching assistants spent
better than 10 percent of their time in purely mechanical
activities, such as distributing, proctoring, and scoring
tests. In addition, a course manager spent approxi-
mately 50 percent of her time doing clerical work
necessary to keep the student’s grades up-to-date, etc.
Initially, we felt that the time commitments were rather
high; until we realized that the assistants and course
manager had almost total responsibility for 2,275 hours
of testing in one sémester.!

Further consideration of the function of efficient
feedback suggested utility for both students and
instructor. For the former, it provides (1) a test score,
(2) a diagnostic evaluation of material learned (and/or

not learned), -and (3) (hopefully) some prescription to

remediate his problem.
In 1971, Baker presented the state of the art in
Computer Based Instructional Management Systems

(CBIMS). He suggested that the instructor is not only
a teacher, but also the manager of a rather complex
system of activities designed to help the student learn
something.!

He indicated that “a major facet of this managerial
task is composed of the mechanical tasks of scoring
homework, test papers, and keeping track of what
instructional materials a student has wused.” Our
discussions with faculty and teaching assistants tended
to support the notions put forth by Baker.

Each of the systems Baker reviewed was designed to
provide for the four major functions of any CBIM
system, namely: test scoring, diagnosing, prescribing,
and reporting. However, the actual operation of the
systems seemed to be very awkward, and required that
the student participate on some fixed schedule. Another
difficulty that we observed was that the present CBIM
systems seemed to double the work of the faculty
member in that he had to develop essentially two sets
of testing material-——one set for the diagnostic function
and another for the examination function.?

It appeared to us that if a system with interactive
capabilities could be developed, it might resolve much
of the awkwardness and restrictiveness we had ob-
served. With regard to the second problem, having to
maintain double sets of items, we asked the faculty why
not let the students use the real thing for both diagnosis
and evaluation. The rationale for this approach was that
most professors have, over time, established large item
pools from which they draw, in some more or less
random manner, to make up any quiz. In addition to
their own item pools, many instructors use items sug-
gested from the instructor’s manual or handbook that
accompanies the text being used that particular se-
mester. Additional verification of this approach to
test-design was accomplished by looking at the exam
files in the fraternity and sorority houses at our campus.

Because of all of the above considerations, we decided
to develop an automatic Testing And Scoring System
(TASSY). ‘ ;

We felt that TASSY should have the following
specifications:

(1) it should be easy to use by both the student and
the instructor;

(2) it should allow for immediate feedback to the
student;

(8) it should allow the instructor, on demand, to
review the progress of a student;

(4) it should allow the student to individualize his
request for proficiency;

(5) it should have a high degree of security;
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(6) it should meet at least the minimum needs of the
registrar for recording grades;

(7) it should allow the student the option of taking
an exam for diagnostic purposes or for grade
purposes;

(8) it should maintain a record of each student’s
individual performance for instructor analysis
of items.

TASSY’S PROGRAMMING STRUCTURE

TASSY takes the form of a main driving program
with several small sub-routines. This structure was
necessary because of the constraints of the Conversa-
tional Programming System (CPS) with West Virginia
University’s IBM 360-75. There is a limitation of four
pages (each of four thousand bytes) placed on any CPS
program. However, through the use of external proce-
dures, a much greater effective program size can be

attained (provided that not more than six thousand

bytes are in the work space at any time).

The driving program consists of the “welcome” and
“‘exit”’ lines as well as the ecalls for all the sub-routines.

When a student enters TASSY, he is first asked if he
would like to see some operating instructions for the
system. If he replies yes, an instruction sub-routine
“HELP” is called. Next, a password routine, “PASS”,
is called. Here, it is determined whether he is permitted
entry to the system. If the password is recognized as
that of an instructor, the user has an option of seeing
special operating instructions from “MORE HELP”
(restricted to only instructor mode). The instructor then
has the option of “UPDATE” or “DUMP” (described
later).

If the password is recognized as that of a student, a
call to sub-routine “GENER” is issued (also described
later).

A third alternative is that the password is recognized
as a master password, allowing access to control mode.
From this mode, a system manager has the option of
“UPDATE”, “DUMP”, “GENER”, or “WHO”’. The
system manager has access to any course.

When a user (student, instructor, or system manager)
is finished, control is returned to the driving program
where a “good-bye” line is printed. Then the system is
ready for the next user.

ROUTINE “PASS”

The password routine has the main purpose of
determining whether a given user is authorized to be in
the system, and, if so, in what mode. A student pass-

word is given by the proctor to a student when he
enters the testing center. This password varies sys-
tematically each hour of the day, and can be reset by
the system manager each day or week as necessary.

An instructor’s password consists of any combination
of up to six letters, numbers, or special characters and
is chosen by the instructor. If an instructor’s password
is recognized, a further check is made on the name
entered by the user. After passing both checks, control
is returned to the driving program, passing back a code
to indicate that this user is authorized for instructor’s
mode. Also, the number of the course in which this
instructor belongs is returned.

If the master password is found, a code is returned to
the driving program to indicate that this user is the
system manager and is authorized for anything,

All passwords, including the instructor’s and the
master password can be altered at any time by the
system manager.

An added feature of the password check is the activity
file (WHO). A record is written to this field when an
instructor’s password is found or when a user is not
permitted entry in any mode, i.e., when he has entered
an invalid password. This record contains the password
used, the first and last name and ID number as entered
by the user, and the date and time of his entry into the
password procedure. ,

It was decided not to record valid student entries for
two reasons. First, the number of entries would be great,
and second, they are recorded as a part of “GENER”.

ROUTINE “GENER”

This routine is called to generate, print, score, and
record a student’s examination. It is probably one of
the most important components of TASSY.

Upon entering the routine the student is asked the
course, section, and quiz number he desires (his name
and ID number have been passed from the driving
program).

From the course number, the appropriate question
file is opened. Then, from a control record in the file,
and from the entered quiz number, the type and number
of the items to be given is determined. These items are
generated from the file at random (except that there has
to be the prescribed number of each type designated by
the control record).

One rather interesting problem developed in choosing
the algorithm for random generating of questions. The
records are stored in the file in the order of entry. Along
with each record is the attribute of the given question.
From the control record, the desired attributes for a
given quiz, and the number of each which should be
generated, is obtained. In an early version of the system,
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a random number between one and the number of
questions in the file was generated by the built in
function in CPS. The corresponding record was then
read, and a check was made to determine if the record
was of the correct attribute. If not, the number of this

below, and its number was also saved. As each new item
number was generated, it was compared against the
growing list of used items. This procedure prevents
duplication of items on a given test. As the test pro-
ceeded from the attribute being used to the next as

record was saved in a vector of ‘used’ items. If the item
had the correct attribute it was printed as described

defined in the control record, the vector of used items
was cleared for use by the next attribute.

Enter the course number of the desired course
demo
wWhich section?

(4 digits)
(two digits)

01

What quiz do you want? (1 through 9)

2

Enter yes to activate the verification option
yes

You will now be given the requested test.

Good luck.

Question 1:
Elapsed time:
THE DIFFERENCE
1: ROOT HAIRS
2: OSMOS!IS
3: TRANSP{RATION
h: TRANSLOCATION
5: TURGOR

.083 minutes
IN VAPOR PRESSURE BETWEEN SOIL AND ATMOSPHERE 1S EQUILIBRATED BY PLANTS THROUGH:

Your answer please:

Verify: 3 ?

Eorrect

Question 2:

Elapsed time: .566 minutes

GRANULAR ENDOPLASMIC RETICULUM CAN BE FOUND
1: ONLY PLANT CELLS

CELLS ACTIVE IN PROTEIN SYNTHESIS

CELLS WHICH ARE ABOUT TO DIVIDE

ALL OF THE ABOVE

NONE OF THE ABOVE

IN

3:
['H
S:

Your answer please:
L

Verify: 4 ?

Ebrry, the correct response is 2

End of exam. Please wait while results are compiled

You have responded correctly to 1 out of 2 questions or 50.000 percent.
Breakdown of score
Attribute A

Attribute T

1 right out of a possible
0 right out of a possible

1 or 100.000 percent
1 or 0.000 percent

Mode?
stop

Thank you for your interest in our computerized testing service. Please come back agailn.

Figure 1
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The following students have recently taken exams:

N A M E 1D SECT qQUIZ TYPE 1 TYPE 2 Y
CHAMBERS JEAN 236603486 01 3 07/21/72 3 80.00 0 0.00 0 ! PEo?oo ngl.%o
CHAMBERS JEAN 236603486 N1 2 07/21/72 2 99.00 0 0.00 0 0.00 90.00
JELLINEK HOLL1S 232760653 02 5 07/21/72 5 70.00 0 0.00 0 0.00 70.00
JELLINEK HOLLIS 232760653 02 5  07/21/72 5 90.00 0 0.00 0 n.00 90.00
MEADE TONI 234785045 02 4 07/21/72 4 65.00 0 0.00 0 0.00 © 65.00
MEADE TONI 234785045 02 4 07/21/72 4 70.00 0 0.00 0 0.00 70.00
VARGO JERRY 174381358 01 4 07/21/72 4 75.00 0 0.00 0 0.00 75.00
MANN KAY 234361515 02 4 07/21/72 4 80.00 0 0.00 0 0.00 80.00
Figure 2

As is apparent, if, during generation of items for a
given attribute, an item of some other attribute were
selected, it would be ignored and its record number
would be stored so that this unusable record would not
be selected again. It was thought that the machine time
used in searching the ‘“used’”” vector would be less than
the I/0 time required to keep selecting an unusable
record (the records, in this case, must be read before
usability can be determined).

What was not realized was that the item vector would
grow as fast as it did. As an experiment, the algorithm
was changed in a way that the records are read, the
test of attribute is made, then the vector is scanned to
see if this item has already been used in this test. In
this way, many more records are read from the file, but,
much fewer comparisons are made in the “used” vector.

The later of the two methods proved much more
satisfactory. In the earlier method, when more than
fifteen items of the same attribute were generated, real
time between items ran 45 seconds, or more, while

list
Enter the number of the item to be listed

number=45
COURSE 1D 1220 SFCTION

I TEM 0045
ATTRIBUTE M CORRECT RESPOMSE c

the time separation between items in the first part of
the quiz (items one through eight) was minimal (on the
order of two to six seconds). _

In the latter method, the separation time was much
more uniform from the beginning of a quiz through
twenty items or more and was on the order of two to
eight seconds. Needless to say, the latter method has
been used since the day that the time differential was
noted.

(It is thought that locating various attributes in
different physical locations in the file may be a useful
way of decreasing item generation time even more than
what has been attained by the above change.)

As the items are generated, they are printed on the
terminal one by one and a reply is requested. Upon
entry of this reply, the student is told immediately
whether he is correct. If the response is incorrect, the
correct answer is given. ,

As the test is being given, a record is kept of each
question, and, by question type, of the number correct

m

Mitosis and meiosis are considered to be dynamic processes because;

a. The events are discontinous and discrete that occur randomly

b. The events are discontinous and discrete that occur in a systematic sequence
c. The events are continious and discrete that occur in a systematic sequence
d.The events are continious and discrete that occur randomly

e. none of the above

Mode? 1list, insert, define, or stop
list

Enter the number of the item to be listed
number=67

I TEM 0067
ATTRIBUTE E

COURSE 1D 1220 SECTION

CORRECT RESPONSE A

01

Which of the following evolutionary characteristics of Planania Is not important in its use as an experimental animal.

lts:

small size

. ability to be trained
regenerative powers
beginnings of a brain
none of the above

manocw

Mode? 1list, insert, define, or stop
stop

Figure 3



628 Fall Joint Computer Conference, 1972

update

Course number?

demo -

Section number? (two digits)

01

Mode? 1list, Insert, define, or stop
insert

| tem number? (four digits)

0012

Attribute? (one character)

a

Correct response? (one character)

o

Question and answers?

ﬂhatdi? tte correct date for the FALL Joint Computer Conference?™
. uly 47

.  December 257

. December 57

. Feb. 317

. None of the above™

RECORD 0012 successfully entered

o 1= o e s

Mode? 1list, insert, define, or stop

list

Enter the number of the item to be listed

number=12

| TEM 0012 COURSE 1ID demo SECTION 01
ATTRIBUTE Q CORREC T RESPONSE 3

?hatdi? the correct date for the FALL Joint Computer Conference?
. uly &

2. December 25

3. December 5

L, Feb. 31

5. None of the above

Figure 4

Mode? 1ist, insert, define, or stop
lnsert

I tem number? (four digits)

terse - -
0012demo01g3What is the correct date of the FALL JOINT COMPUTER CONFERENCE?™1, July 472, Dec. 2573, Dec. 578, Feb. 3175,
pone of the above™

RECORD 0012 successfully entered

lend|

Mode? 1list, insert, define, or stop

list

Enter the number of the Item to be listed

number=12

ITEM 0012 COURSE 1D demo SECTION 0l
ATTRIBUTE Q CORRECT RESPONSE 3

what Is the correct date of the FALL JOINT COMPUTER CONFERENCE?
1. July &

2, Dec. 25

3. Dec. 5

1 Feb, 31

5 . none of the above

Figure 5
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Mode?

list, insert, define, or stop

define

Definition of quiz parameters
There is a maximum of three attributes. These may be any letter or number (one character in length)
Please enter the number of the quiz to be defined

Enter the number of attribute used in this quiz.
number=3
Enter attribute # 1

Max of 3

a
Quantity?

3
Enter attribute # 2

L

Quantity?

5

Enter attribute # 3
1

Quantity?
Quiz number 1 is now defined

Mode?
stop

list, insert, define, or stop

Figure 6

each entry. After each prompt the user enters the
information requested. (See Figure 4)
It was found that this method is time consuming and
At present, the records are printed in chronological
order. However, in later versions of TASSY the instruc-
tor will have the ability to have the records sorted for
his convenience. (See Figure 2) :

and number attempted; i.e., the number of questions of
that type which were on the quiz. At the end of the quiz,
the student is given the totals of questions correct and
attempted and the breakdown of this information by
question or attribute type. (See Figure 1)

Before control is returned to the driving program, a
student record is written onto a file, indicating the
name, ID number, section number, quiz number, date,
time, and subscores, and total score on the examination.

(See Figure 2) ROUTINE “UPDATE”

“UPDATE?” is a routine for file maintenance of the
question file. The user has the following options: LIST,
INSERT, and DEFINE.
somewhat boring for the experienced user, especially
when large numbers of questions are being entered.
Accordingly, a ‘terse’ mode of INSERT was developed.
When this mode is requested, no prompts are given. It
assumes that the user knows the record structure and
the entire record is entered at one time. The basic
difference between the two methods is that the infor-

ROUTINE “DUMP”

The “DUMP” routine is used by the instructor to
print the records in the student file. In one sense
“DUMP” keeps the instructor’s grade book. The
formatted file gives the instructor the student’s name,
his student number, the date the quiz was taken, the
number of the quiz, section number, and a percentage
correct breakdown for each attribute and percentage
correct for the total quiz.

The LIST function will list a requested item from the
file. In the LIST is the correct response, question type
(attribute), the question, and the distractors. (See
Figure 3)

INSERT is the converse of LIST. It allows the
instruetor to replace or insert an item in the file.

There are two versions of INSERT. In the more
commonly used version, the user is prompted before

mation (item number, attribute, correct response,
course number, and section number) must be provided
to the system in the correct order without prompts,
when the ‘terse’ mode is used. (See Figure 5)

In both modes the user must learn only one special
character. This is the ‘not’ (=) sign which is used as a
separator between the questions and its answers, as well
as between the answers themselves. It should be noted
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Following persons were in the system

CG305 YURA DEE
20_+33 LAROCHE THOMAS
CG3N5 YURA DEE
2-7333 SKINNER BECKY
2-72333 SKINNER BECKY
CG305 YURA DEE
CG305 YURA DEE
533391 YURA DEE
533391 YURA DEE
533391 YURA DEE
CG305 YURA DEE
CG305 YURA DEE
CG305 YURA DEE
CG305 YURA DEE
CG305 YURA DEE
2P*PQ3 ADKINS LINDA
2P*PQ3 ADKINS LINDA
244+ %3 MCCLAIN CHARLES
2+4+4+%3 MCCLAIN CHARLES
CG305 YURA DEE
2++533 GRINDLE BEVERLY
2375-1 CARLSON WILLIAM
2375-1 CARLSON WILLIAM
23725-1 CARLSON WILLIAM
2375 CARLSON WILLIAM
23+P%3 MEADOWS SARA
BIOL1 NEPTUNE CHARLOTTE
CG305 YURA DEE
232543 MURPHY SANDY
2325+3 MURPHY SANDY
2325+3 MURPHY SANDY
2375+3 MURPHY SANDY
20*PP; JELLINEK HOLLIS
2%*%xP33 BLI1ZZARD GINNY
2x%P33 BLIZZARD GINNY

1 07/20/72 08:43:17 oK
234643922 07/20/72 09:10:29
1 07/20/72 09:17:50 0K
232702237 07/20/72 11:05:06
232702237 07/20/72 11:09:29
1 07/21/72 09:21:53 0K
1 07/21/72 09:24:21 OK
07/21/72 09:52:12
1 07/21/72 09:52:56
123456678 07/21/72 09:53:45
123456789 07/21/72 09:54:34 0K
123455678 07/21/72 09:56:05 0K
123456778 07/24/72 09:41:26 oK
1 07/24/72 13:11:48 oK
1 07/24/72 13:28:39 OK
236682088 07/24/72 14:06:09
236682088 07/24/72 14:08:51
236681690 07/24/72 15:22:40
236681690 07/24/72 15:27:22
1 07/25/72 08:51:36 0K
232743692 07/25/72 09:59:59
213441310 07/25/72 11:08:44
213441310 07/25/72 11:10:51
213441310 07/25/72 11:13:13
213441310 07/25/72 11:14:36
233808122 07/25/72 11:59:38
236849383 07/26/72 08:40:33 OK
1 07/26/72 08:56:29 OK
232824319 07/26/72 10:42:21
232824319 07/26/72 10:43:40
232824319 07/26/72 10:45:15
232824319 07/26/72 10:46:32
232760653 07/26/72 11:42:05
232781259 07/26/72 14:09:06
232781259 07/26/72 14:10:43

Figure 7

that this is the only place in the entire system where a
user has to learn a new symbol. All other commands to
the system are in natural language and are very
straightforward.

The DEFINE function is used to set up the control
record with the quiz definitions. This includes the
number of items to be on a given quiz and the break-
down for each type. This record is used by “GENER”
when generating the quiz. (See Figure 6)

ROUTINE “WHO”

This routine, available only from control mode, is
used to print the system activity file generated by
“PASS.” It shows who has entered the system and
whether or not their password was accepted. The date
and time are also available. (See Figure 7)

The value of this routine is to check on activity,
especially if an instructor thinks his password is no
longer secret.

MESSAGE ROUTINES

Message routines have been implemented. These
allow communications from the instructors to the
system manager through a file. It is thought that this
feature may be valuable for reporting any difficulty to
the system manager or for leaving suggestions for
improved function.

CONCLUSIONS

Our interest in developing TASSY was to explore the
problems and potentials of using the computer in the
educational process. TASSY served that purpose in
many ways. Our first concern was the problem of soft-
ware development and record design. We originally
designed the question record to be 500 characters long.
We found that this is too short. Our next version of
TASSY will have the ability to hold a question and
associated distractors totalling 1,000 characters on each
record.
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At the time of this writing we are still not sure what
optimal student record should look like. We estimate
that the student record should have the ability to record
a minimum of 75 items, the sub-scores from 10 attri-
butes, and the total score, in addition to the necessary
identification date mentioned in the system description.

A second problem we wanted to evaluate was the
feasibility of operating under the auspices of a large
central computer using telephone communication.
Under the best circumstances, our experience has
indicated that we not try it again.

Our experience was not unlike that of anyone else who
has had to rely on the telephone system and someone
else, i.e., the central system, to do the work for them.
A third problem we encountered was that our system
has had to rely on the telephone system and some else,
i.e., the central system, to do the work for them. A
third problem we encountered was that our system
became fair game to students who would try to “break
in” and look at the answers and the system. The
computer center staff developed a special software
“lock” for us that was, in effect, a self-destruct button.
If any tampering was attempted, a system error was
generated, duly logged, and the program disappeared.
(See Figure 7) At times this security feature was
inconvenient, but we felt the trade-off for security well
worth it.

We have decided to develop TASSY to operate out-
side of the University’s central computer because of the
cost of maintaining enough core and dise space on line.
We estimate that the cost of a 16-terminal system
would be almost double that of having our own mini-
system.

We are also concerned with the reactions of faculty,
teaching assistants, and students. The students and
teaching assistants liked TASSY very much. The
students did not feel that the computer de-personalized
them. In fact, most of the students felt that TASSY
represented a meaningful step on the part of the faculty
to meet their needs. The teaching assistants were
overjoyed because the most boring 10 percent of their
work assignment was removed. The faculty agreed with
the idea, and liked the potential of the TASSY system.
When the system became a reality, they wanted to use
it as little more than a slow test printer. However, with
some handholding and encouragement, and favorable
results from the prototype experiment, the faculty have
begun to use all of the system capabilities.

Several additional problems arose as a result of our
efforts. The faculty had difficulty in developing good
test items. Traditional item analysis methodology is

only partially useful. Because of TASSY’s ability to
generate so many different tests, item validity and
internal consistency become difficult values to compute.
We found that with an item pool of 500 items equally
split over 5 attributes, the probability of getting the
same test with the same order of itemsis 1in (101/1001)5,
Needless to say, sample size" for each test is rather
small. Our experience with TASSY, plus communication
with other researchers, indicates that this problem will
be with us for a long time to come.

A second, and even more serious, problem became
apparent as we began to develop the diagnostic and
prescriptive capabilities of TASSY: namely, once the
instructors had detailed data on the student’s deficien-
cies, they didn’t know what course of action should be
taken except in'the most general terms. This has caused
some embarrassment.

Our future plans for TASSY include enhancing its
response repetoire by adding the ability to recognize
single answers and formulas in a manner similar to
PLANIT. We also hope to give the instructor his choice
of scoring modes besides the traditional, rights, rights-
wrongs, ete. Finally, we hope, in the not too distant
future, to be able to add some graphics capabilities to
the system.

Because of the modularity of TASSY and its rela-
tively simple-minded approach to testing and feedback
we feel that it would be implemented readily by indi-
vidual instructors at almost any level of college instruc-
tion. We hope that, as our experience with TASSY
grows, we will be able to develop a product which will
not only be easy to use, but will also be cost-effective
enough so as to warrant serious consideration.
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A comprehensive question retrieval application to

serve classroom teachers

by GERALD LIPPEY

IBM Corporation
San Jose, California

INTRODUCTION

- CTSS (Classroom Teacher Support System) was -de-

veloped to aid teachers. The concept consists of re-
trieving questions according to specified attributes from
a centralized data bank, assembling them into tests or
exercises, and scoring student answers. Since scoring
mark-sense answer sheets is a well-understood and wide-
spread application, the emphasis was placed on solving
systems problems related to producing lists of ques-
tions which meet the teacher’s needs as he perceives
~ them. To achieve this, the system permits items to be
classified along several dimensions so that they can be
selected by the eomputer according to criteria set by the
teacher requesting a test. (The word “test’”’ is used here
" to designate a list of questions, regardless of how it is to
be used by the teacher who receives it.)

CTSS enables many teachers to share a colection of
questions; thus, they all benefit from the advantages of
specialization. Such an application has the potential of
providing a teacher with access to high-quality questions;
freedom from the clerical chores of test construction and
scoring; a new test, tailored to his needs, for each occa-
sion; and comparative data based on previous student
responses.

Exploration of this concept began in IBM’s Ad-
vanced Systems Development Division in 1968. In
1969, a joint study agreement was reached between
IBM’s Systems Development Division and the Los
Angeles City Unified School District to develop a pro-
" totype application. System functions were specified
jointly: IBM developed the computer programs, and
the school district prepared an initial collection of 8000
questions in U.S. history and took responsibility for
all operational aspects.

Objectives of the joint study were to

1. Confirm decisions related to functional system
operation, e.g., communications procedures,
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forms, reports, retrieval options, item revision

procedures, test modification provisions.

Identify problems associated with development

of item pools, e.g., item classification, cost of

preparation, adequacy.

Discover how classroom teachers would use

questions when they were conveniently availa-

ble, e.g., testing, drill, discussion.

. Gain quantitative information on usage, e.g.,
frequency of use, length of tests, requirement for
data bank size.

During the first half of 1969, functional specifica~
tions were established. Programs were coded during
the second half, while the first item collection was being.
prepared. Systems testing began in January 1970, with
six teachers in one school. CTSS slowly phased into
operational use as teachers at various schools have been
gradually added during the last couple of years. There
are now over 200 history teachers using the system in
Los Angeles schools, and several other educational
institutions have installed it.

TEACHER SERVICE

CTSS is intended to be entirely under the teacher’s
control. It may be used or not as the teacher sees fit.
The system is free of any particular philosophy of test-
ing or other use; it is the teacher’s prerogative to use it
in any fashion that satisfies his needs. Questions have
been used for quizzes, homework assignments, final
exams, drill, review, classroom discussion, and material
for special student projects.

Although it can be used with essay and short-answer
questions as well, CTSS was intended for objectively
scorable (multiple-choice, true-false, and matching)
questions. This decision was made to encourage ma-
chine-scoring in order to collect data to help identify
unsatisfactory items. Within this framework, some
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features were included to accommodate item format
variations: Items consisting of several questions pre-
ceded by a paragraph or table are acceptable. Also,
special print control provisions permit item authors to
specify overprinting of text lines (e.g., for underlining
words) and to control the splitting of long items between
test pages.

Item collections are maintained on disk storage.
Teachers submit requests for questions on optically
scanned test-request forms, which are sent directly to
the computer center through the district’s internal mail.
This input is batched, run each night, and the resulting
tests placed in the school mail the next day. Scoring is
handled in the same fashion.

Item specification

During the design of CTSS, primary attention was
given to item selection. So teachers can conveniently
construct tests which meet their needs, the system per-
mits questions to be classified in several ways. Although
specific questions can be requested, teachers usually
request questions by specifying attributes associated
with them. ' :

Questions in a broad subject matter area (an “item
collection’”) are classified at the least into major sub-
ject matter “categories” and at most along four addi-
tional dimensions. The category classification may be
based on behavioral objectives or not, depending upon
the item collection designer’s wishes. It may also be
structured in hierarchical levels. During the retrieval
process, items are selected from both those in the cate-
gory specified and those in all categories subordinate to
the one specified. There may be up to five hierarchical
levels in the category classification defined.

Other classification dimensions can include an assign-
ed difficulty level, behavior level (knowledge vs. applica-
tion of knowledge), keywords, and several special flags.
Some dimensions (e.g.,. keywords) permit the item
classifier to assign more than one value to each item.
Dimensions which can have a large number of values
(e.g., category) are coded numerically, so that, with the
aid of an index, they can easily be specified on an
optically scanned test-request form.

Specifications for questions are entered in “request
blocks” on the test-request form. Each block consists of
several fields in which the teacher specifies the attri-
butes and the quantity of a group of items desired.
While items are normally selected by attribute, a re-
quest block may be used to specify the unique identifi-
cation number of an individual item desired. Thus, a
test may be constructed which contains a specified num-
ber of questions in each of several categories with the

desired mix of other characteristics, as well as some
specific items which the teacher knows from experience
and wants to include.

Tests

The result of processing a test request is a list of
questions identified by the teacher’s employee number
and a two-digit test number assigned for that teacher
by the system. The test thus produced is stored by
CTSS and labeled ‘“generation 1.”

The teacher may then modify the test by requesting
the system to add or delete items. To accomplish this,
a test-request form is filled out which references the test
number and specifies the items to be added in the same
way that an initial test is requested. Items to be deleted
are indicated on another field in the form. A new list of
questions with the same test number will be created and
labeled “generation 2.” This process can be repeated
until the list of questions satisfies the teacher. Only the
most recent generation of a test is remembered by the
system. A teacher may have up to twenty such tests
retained simultaneously.

The teacher may specify on the test-request form
that the test be printed on a reproduction master. He
may also request up to nine different versions of the
test with the items appearing in a different sequence on
each.

Each time a test is printed, two associated reports
are produced. An Item Characteristics report provides
the answer key and informs the teacher how each item
has been classified for retrievel. It may also provide
references to two resources which contain information
related to the content of each item. The second report
repeats the teacher’s request and indicates the items
retrieved in response to each request block. .

CTSS will score student answer sheets when the
teacher so desires. Since the test has been remembered
by the system, it is not necessary for a teacher to sub-
mit a scoring key. Several scoring options are available
for identifying students, suppressing or adding ques-
tions, and partitioning reports. The usual scoring re-
ports are sent to teachers. Scoring procedures and
reports will not be discussed. v

The system was designed so that on-going, everyday
service could be provided without the need for judgment
by anyone other than the teacher concerned. Probably
the most important consequence of this objective was
the attempt to anticipate input errors of various kinds
and, whenever possible, respond automatically by
addressing an explanatory message directly to the
teacher.
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SUPPORT ACTIVITIES

The teacher service described above is supported in
several ways. Direct daily support is provided by the
internal mail service and the data processing center. At
the center, request forms are batched and read by an
optical mark reader; processing is accomplished at
night; and output to each teacher is manually matched
to its request form prior to its return to the teacher.

CTSS is, however, not adminstered by the data
processing group. Rather, the data processing center
performs a service function, while operations are moni-
tored and managed by education-oriented personnel
referred to as CTSS “coordinators.” This arrangement
dictates that the points of contact between the data
processing center and others be well defined, so that the
computer center can regard all CTSS jobs as routine
production. Consequently, input from, and output to,
both teachers and coordinators is handled according to
well-established procedures.

Service support

Coordinators have two areas of responsibility—one
related to operational teacher services and the other
related to item pools. In the teacher service area, new
users of the system may obtain coordinator assistance
getting started and, subsequently, in understanding
errors that they make. Coordinators also supply teach-
ers with the optically scanned request forms.

Since a user identifies himself to CTSS on the test and
scoring request forms by employee number only, a file
of teacher names and locations, the ‘“‘teacher file,” is
required to automatically address the title page of tests
and scoring reports. A teacher must be registered on
this file prior to using CTSS. One chief responsibility of
the coordinators is maintenance of the teacher file.

The file in which tests are stored, called the “‘active
list,” can also be influenced by coordinators. When a
new test is generated, it is automatically added to the
active list; when a test is scored, it is deleted. Since
many tests are never scored by CTSS, the active list
would continue to grow indefinitely unless old tests
were removed. Old tests are identified by assigning an
“activity date’” to each test when it is created. This is
reset to the current date whenever a new generation is
produced or a scoring request is not successfully pro-
cessed due to input error. The activity date is used to
purge old unscored tests from the file. A ‘“time-out can-
cellation” program removes from the active list tests
whose activity dates precede a cancellation date set by
a coordinator. When a test is timed-out, a noticeis sent to
the teacher concerned, informing him that it is no longer

available for modification or for scoring against the
answer key retained in the system. Time-out cancella-
tion is initiated periodically by coordinators.

As tests are produced and scored, statistics on system
activity are accumulated. A ‘‘system statistics file”
contains counters which cumulate data for two dozen
kinds of user activity. For example, the number of test
requests rejected due to input errors, the average num-
ber of generations produced, and the average number of
questions requested on tests are accumulated. The
system statistics file contains this information for two
durations (2 long and a short time period); the data is
maintained for each item collection; and it is classified
according to which of 13 teacher groups the correspond-
ing users belong. Coordinators may reset the system
statistics file counters when they wish the accumulation
process to begin again.

In addition to direct contact with teachers, coordina-
tors monitor system usage by looking over summaries
produced by each test production and scoring run.
There is also a report generated by the time-out cancel-
lation program, which summarizes the number of tests
in the active list, tests having scrambled versions, and
tests removed from the active list by the time-out
routine. Longer term activity is observed by drawing
activity reports from the system statistics file described
above.

Ttem pool support

The second area of coordinator responsibilities in-
volves the item collections themselves. To use an item
pool, teachers must understand how it has been classi-
fied, and they must have access to at least the index
which defines subject matter category numbers and
perhaps to other indexes which have been constructed.
Coordinators are responsible for communicating this
type of information to teachers.

Item collection maintenance is another important
coordinator job. Typically, large collections of ques-
tions are made available before they have been thor-
oughly edited and field tested (otherwise, the develop-
ment investment would be too large). Thus, one begins
with relatively poor-quality items and depends upon a
long range revision process during usage to improve the
questions. As teacher comments and scoring data be-
come available, items are repaired. Teacher reactions to
poor-quality items, while negative, have not turned out
to be a serious problem. Indeed, teachers sometimes
appear to experience satisfaction when they discover
and report items needing correction.

The best source of item revision information appears
to be the teacher. A second source has been provided in
CTSS by cumulating item usage data in an “item
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statistics file,”” associated with each item collection. The
item statistics file retains information on the number of
times each question appeared in a test, or was deleted
from a test or suppressed from scoring by a teacher. The
file also contains student-supplied data obtained when
questions are machine-scored, such as the number of
responses to each option and a central tendency for
discrimination index.

_'A coordinator can obtain an ‘“item statistics report”
based on information in the item statistics file. The
philosophy behind this report is that by appropriate
selection of item statistics thresholds he can obtain a
list of those items most likely to need revision. A co-
ordinator may set thresholds on high teacher rejection
rate, low average discrimination, unusually heavy use
of a distractor, and very high or low measured difficulty
level. He may also require that some minimum number
of tests has been drawn, or answer sheets scored, to
cause an item to be eligible for these tests.

Finally, it is the coordinator’s responsibility to over-
see the creation and supervise the installation of new
item collections. When a new item pool is to be con-
structed, many decisions need to be made: a character
set, i.e., those characters which are to be allowed in
item text, must be chosen; the kinds of items which are
permissible must be determined; the dimensions of item
classification must be designed; and the method of
transmitting all the necessary classification information
to teachers must be planned.

There appears to be significant value in having large
item pools. Teachers do not usually wish to encounter
the same few items over and over. A large collection is
especially useful when multiple tests are requested to
cover the same material. It also enables the collection
designer to include several approaches to subject mat-
ter; this is essential if the collection is to be shared by
users having a variety of pedagogical styles. Finally, it
appears to be helpful if teachers regard an item collec-
tion as essentially infinite in size and constantly chang-
ing, and do not, therefore, have a desire to deal manual-
ly with the entire collection at once. Experience from
CTSS indicates that about 30 questions per class hour
should be regarded as a minimum item pool size; 50, as
more desirable; and, perhaps, about 70 as the number
beyond which the cost begins to exceed the value.

SYSTEM DESIGN

CTSS was designed as a prototype because it address-
es a new application area. Many of the design decisions
were influenced by this. Perhaps the most obvious effect
on system design was the effort to include features
whose utility was questionable in order to establish
their value through experience.

On the other hand, an effort was made to design low
cost into the system framework. Thus, on-line terminals
were rejected in favor of internal mail service, and key-
punching of teacher requests is avoided by using
optically scanned input forms. Costly human interven-
tion is further reduced by sending error messages di-
rectly to teachers. Also, teachers are discouraged from
requesting reproduction masters or secrambled versions
unnecessarily by preventing further modification of a
test once either of these more expensive printouts has
been produced.

Program design priorities (from high to low) were as
follows: (1) ease of coding and testing, (2) ease of
modification and maintenance, (3) low storage require-
ments, (4) low execution time. Prototype design specifi-
cations included handling several item collections with
about 10,000 items in each. The system was pro-
grammed in PL/I to run under the IBM/360 Oper-
ating System in a 74K byte partition.

A highly modular programming approach was chosen.
Communication between programs is accomplished
through files which are either permanently established
or used as temporary interfaces. Dividing functions
into a series of separately executable programs simpli-
fied programming and testing. More importantly, this
made it easier to modify the system, particularly when
additional features were later inserted. The perma-
nently established files will be outlined next, followed
by a brief summary of the major runs available.

Files

CTSS includes two types of permanent files: those
which are item collection-independent and those which
are item collection-dependent. An “item collection-
independent” file is required by the system only once,
irrespective of how many item collections are supported.
An “item collection-dependent” file is required to be
present for each item collection. The main permanent
files and their contents are itemized in Tables I and II.

Access to items

Ttem manipulation is, of course, the key element of a
test construction system. Ease and efficiency of item
retrieval and item revision depend upon the item file
organization. In CTSS, all of the selection decisions
concerning which items are to appear on a test are made
by consulting the classification file. This file contains
item attributes, but no item text, and is therefore very
small and easily referenced compared to the item file.
During the run that produces tests, the item file is
referenced only when it is necessary to format the test
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TABLE I—Principal Ttem Collection-Independent Files

File Name Contents

Record for each item collection: Iden-
tification, location, and parameters Re-

Course File

Teacher File cord for each teacher: identification
and address; identification of each
active test, its activity date, and its
location in the active list

Active List Record for each active test: identifica-

tion of items, answer key, and status
information; identification of last 50
items deleted during previous modifica-
tions; location of version file record, if
any ‘
Record for each active test having
scrambled versions: scrambling keys
Record for each item collection: two
sets of system usage information for
each teacher group

Version File

System Statistics File

for printing. (Similarly, the active list contains records
of specific tests by recording item identifications instead
of the item text itself.) :

It was decided early in the design phase that, while
several dimensions of item specification would be availa-~
ble to teachers, one important dimension would be
emphasized and retrieval optimized around it. As a re-
sult, items are ordered by subject matter category
number in the item collection-dependent files, making
hierarchical selection in this dimension easy to imple-
ment. Instead of building and maintaining inverted
files for other dimensions, the classification file is simply
scanned within the eategory designated for items which
meet other specified criteria. To discourage teachers
from too often requesting a scan of all items in a collec-
tion for those items which have some other attribute,
they are prevented from initiating such a search with a
single request block. By requiring that teachers enter a
category number in each request block used and limit-
ing the range of a search initiated by one request block
to the highest level of the hierarchical category classifi-
cation system, CTSS can require that several request
blocks be used to cause a search over the entire item
collection. Consequently, though it is possible to initi-

TABLE II—Principal Item Collection-Dependent Files

File Name Conients

Record for each item: item attributes
and loeation in the item file

Classification File

Item File Ttem text _
Ttem Statistics File Record for each question: item usage
data

ate a scan of the whole classification file, a teacher must
go to some trouble. This compromise between meeting
user needs and discouraging use of unnecessary comput-
er time has so far proven satisfactory.

The item file itself consists of 80-character card
images, where each image contains one text line of a
printed item and a unique identification number. No
attempt was made to compress text by coding blanks.
This file serves as the master file of items; there is no
duplicate file of punched cards. When cards are desired
to aid in changing item text, they are punched.

The item file is normally accessed differently for file
maintenance than for test construction. Items are
retrieved from the item file for tests by direct access,
but the basic item file maintenance run-is a sort-merge

TABLE IIT—Principal Runs for Coordinators

Run Name Function

Time-Out Cancellation Remove old tests from the active

list
Print Teacher File List the teacher file and active
list
Teacher File Maintenance Add, delete, or modify teacher
: identification data

Print Activity Report Produce report from system
statistics file and reset counters
if desired

List item statistics

Identify items having statistics
which exceed specified thresholds
List item attributes

List item text for specified sec-
tion of the item collection

Add, delete, and replace items,
and reset an item’s statistics if
desired

Tag item so that it will not be
available to teachers, or replace
item characteristics or text line

Print Item Statistics File
Print Item Statistics Report

Print Classification File
Print Item File

Item File Maintenance

Item Stop and Change

procedure which rebuilds all of the item collection-
dependent files. Item additions, deletions, and substan-
tial modifications may be accumulated and this run
executed infrequently. Between such runs, it is possible
to prevent specific items from appearing on tests and to
change specific item cards in the file by direct access.

Computer runs

Like those for item file maintenance, most computer
runs were designed for use by coordinators. The princi-
pal runs available to coordinators are listed in Table
ITI. A few other runs are for the programmer during
system maintenance or when adding new item collec-
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tions. The two primary runs, executed daily, are those
which service teachers: One produces tests and the
other handles scoring. Test production will be diseussed
here; scoring will not.

Test production

There are two strategies which might be employed
for batch retrieval of items: One is to publish a catalog
of all items in the collection, from which the teacher
selects those he wants; the other is to have the computer
select items from the collection according to attributes
specified by the teacher. When a large question data
bank is involved, it is impractical for the teacher to deal
directly with the questions. Furthermore, if, in addition,
new items are continually being added and old ones
revised, providing teachers with a relevant catalog of
items becomes a problem. It would be hundreds of pages
long, and the publishing cost would be compounded by
the need for frequent revisions to account for changes.
For these reasons, CTSS relies instead upon the comput-
er’s ability to retrieve by attribute, while still reserving
to the teacher his right of final choice.

However, the approach chosen results in another
problem. When selection by attribute is used to locate
entries in a large data bank, the difference between the
quantity desired and the quantity available must be
resolved. This problem is easily handled in a conversa-
tional retrieval system, because the user can specify
attributes and immediately learn how many items are
available. If there were more than he wanted, he could
tighten up the specifications and inquire again; if there
were less, he could loosen them. In a batch retrieval
system, some alternate means need to be employed to
insure that the user is neither flooded with eligible items
nor receives too few. In CTSS, random selection
achieves the former and automatic specification relaxa-
tion the latter.

If, for example, a request block specifies five ques-
tions having certain characteristics and there are 100
that satisfy the criteria, five are picked at random from
the 100. CTSS does this by partitioning the 100 ques-
tions, ordered by category number, into five groups of
20 items each. One question is selected at random from
each group. The stratified sampling prevents too many
items from being occasionally picked from a single
category when selection ranges over several subordinate
categories. There are, of course, many alternative ways
to reduce the number of eligible items, but random
selection has proven adequate.

If fewer items are found that match a request block’s
specifications than are requested, some specifications
will be relaxed in an attempt to meet the quantity

objective. This is consistent with the observation that
teachers prefer to receive items, even though they do
not meet all criteria specified. In the prototype, be-
havior level, if specified, is ignored first; then, any
assigned difficulty level specification is disregarded. No
other type of teacher specification is relaxed.

‘When more than one request block is used on a test-
request form, each is treated separately for item selec-
tion purposes. However, no item is included in a single
test more than once. In addition, the identifications of
items deleted from a test during modification are stored
in the active list. Such items are considered ineligible
for subsequent generations of the test unless specifically
requested.

The test production run consists of a series of pro-
grams, each of which operates on a batch of test requests
and runs to completion prior to the next program’s
execution. This run handles both initial requests and
requests for modifications to existing tests. Considering
only requests for new tests, the primary functions of
each program are summarized in the steps below:

1. Convert the format of optically scanned test-
request forms to one more useful during program
. debugging and maintenance
2. Sort test requests by item collection (so that all
item files need not be accessible simultaneously)
3. Edit test requests for teacher input errors and
allocate space in the active list and version file
- 4. Select items to appear on tests by referencing the
classification file; store identification of items
selected in the active list and scrambling keys in
the version file
Update the system statistics file
6. Prepare tests for printing by retrieving text from
the item file ‘
Print summary of this run
Print tests on paper (spooled)
9. Print tests which are to appear on reproduction
masters (spooled)

54

* N

Backup and recovery

CTSS has an extensive set of backup and recovery
procedures built-in to reduce the impact of human or
machine errors related to processing. Because all data
needed for runs is retained in files, backup procedures
need only be able to restore these files. Prior to exe-
cuting the test production, scoring, teacher file main-
tenance, and time-out cancellation runs, the teacher
file, active list, and version file are automatically copied.
If the run does not go to completion, these files are
restored. Because the most recent state of the quasi-
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random number generator used to select items and
scramble tests is stored in the active list header, a test
production run can be reproduced from restored files.
The system statistics file is copied periodically. Every
time item file maintenance is run, a copy of the item
classification file, the item file, and the item statistics
file is automatically made.

CONCLUSION

Probably the most significant systems learning that
occurred during prototype operation has been in the
support area. The fact that a good deal of attention was
directed toward reducing teachers’ chores turned out to
increase the coordinators’ work substantially. For
instance, although teachers are encouraged to offer new
items and suggestions for improvements, they are not
expected to revise questions. Likewise, teachers are not
required to submit their names and locations with re-
quests. Such system-provided services resulted in the
presence of additional files and more support work for
coordinators. The coordinators’ activities have required
more computer assistance than had been anticipated
during system design. In fact, most of the functions
added after CTSS was installed were to aid coordina-
tors—either to diagnose teacher difficulties or to main-
tain files.

The CTSS prototype is available to other educational
institutions; programs, documentation, and some of the
existing item collections may be obtained from the Los
Angeles City Unified School District. Several other
institutions have installed CTSS and more data banks
of questions are becoming available. Also, systems of a
similar nature have independently emerged at various
other locations, chiefly in institutions of higher learning.
One can infer from the success of CTSS and from the
developing interest elsewhere that the use of computers
for banking questions and generating tests and exer-
cises is an embryonic application area which will con-
tinue to grow.

Furthermore, test generation is a natural component
of more sophisticated computer-assisted instructional
approaches. A few of the existing automated test con-
struction activities are, in fact, parts of larger computer-
managed instruction systems. These more extensive
systems usually include pedagogical decision-making
elements, such as diagnosis of learner difficulties and
prescription of assignments. Some of them enable stu-
dents to proceed through large units of instructional
material independently of each other. Those who wish
to begin with a small, simple system and grow toward a
comprehensive system may find test construction a
convenient starting point, since it can stand alone under
teacher control as well as fit into an integrated comput-
er-managed instruction system at a later time.






Computer processes in repeatable testing
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INTRODUCTION

There is emerging an increased interest in computer
augmented testing procedures. Among those feasible
techniques that have proven of particular value is the
method of Computer Generated Repeatable Tests
(CGRT). This approach to testing, which allows the
repeatable administration of tests over a body of ma-
terial, has been previously described.! Interest in the
method has been high; and frequent inquiries into the
nature of the computing processes involved in CGRT
have led us to elaborate here on the computer software
aspects of the method. In this paper we describe the
structure of the test generation and student response
scoring programs, we describe important performance
improvements, and we discuss some aspects of the prob-
lem of developing ‘“portable” or machine-independent
computer programs.

The CGRT process was conceived by Donald D.
Jensen, now at the University of Nebraska, as a means
of avoiding many of the adverse features of conven-
tional testing in large university classes. The typical
exam in such classes consists of true-false or multiple
choice questions, is administered at one fixed time only,
and is given infrequently and over a large amount of
material. Often several days elapse before the student
receives any useful information on his performance,
and often the total score is the only information given,
an item that is of little value in guiding further study.
Such procedures are disliked by students, who fre-
quently adopt the “loaf-and-cram” pattern of study,
and who are subject to considerable anxiety over their
performance on the infrequent and all-important big
exam. S
The CGRT scheme provides reasonable alternatives
to these objections to conventional exams. First, the
student may be examined more frequently, which en-

courages the student to keep up with his course work..

Second, the student may receive immediate feedback:
when he turns in his answer sheet, he may receive the
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correct answers and other study aids. And third, the
examinations are made repeafable. Large numbers of
unique but equivalent individualized tests are pre-
pared using a digital computer. The instructor may
readily permit his students to be examined repeatedly
over the same unit of material. Students may learn
from their errors, and return to be tested again over
similar material. In this way, the examination is
made a vital part of the learning process. ‘

The CGRT method consists of four basic steps: de-
veloping pools of test items, producing the individu-
alized tests, administering the tests, and scoring of
student responses to the tests. The entire process is
described in general terms in Reference 1. Our purpose
here is to discuss in some detail the computer processes
involved in repeatable testing.

STRUCTURE OF PROGRAMS

Of the four basic steps in the CGRT procedure, the
preparation of tests and the scoring of student responses
are facilitated by computer. Test preparation is accom-
plished with a program GENERATOR, and scoring is
done by GRADER. All programs are written in FOR-
TRAN. In the following sections, the essential features
of the computer programs are described.

Generator

Figure 1 shows the overall flow of program GENER-
ATOR. The input to GENERATOR consists of the
pool of items (questions and answers) to be used in for-
mulating individualized tests, and directives describing
the structure of the tests. The program reads the pool
of test items, verifies that each item is in an acceptable
format, and stores the information as a convenient
data structure in the program.

A typical item-consists of the body of the question,
contained on as many records (cards, usually) as nec-
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READ, CHECK, AND STORE ITEM POOL

/
READ TEST SPECIFICATIONS

PREPARE ITEM POOL ANSWER SUMMARY

INITIALIZE TEST NUMBER

SELECT ORDER OF ITEMS FOR THIS TEST

OBTAIN ITEMS, FORMAT THE TEST,
AND OUTPUT TEXT FOR PRINTING

\
INCREMENT TEST NUMBER

A

——N—O—CALL TESTS FORMED? )

YES

€

Figure 1—GENERATOR, program flow

essary, followed by one or more cards of answer infor-
mation. To facilitate computer grading, the correct
answer is placed in a standard position on a card; other
supportlng answer information (textbook references,
etc.) may follow on this or subsequent cards.

The cards are numbered in such a way that the cor-
rect card order may be verified, and the answer part
distinguished from the question body. Each item is
further identified with a numeric code. Typically, to
permit the instructor to group his items into sets of
items covering similar material, the item identification
will consist of a set number and an item number within
the set. ‘

The collection of items to be used in forming a series
of individualized tests thus is divided into a variable
numbers of sets, each containing a variable number of
items.. The instructor may assign a specific weight to

each set. The weight applies to each item in the set,
and represents the number of points to be awarded for
correctly answering such an item. Further, the instruc-
tor may assign a frequency value to each set of items,
the frequency being a relative or absolute measure of
the number of times on a test that the set is to be used
for selection of an item. Weights allow control of the
point value of items, and frequencies permit control of
the number of items used from each set. When weight

factors are used, either with or without frequency speci-

fications, some simple rules are imposed to assure a
constant number of points on each test.

The pool of items that forms the principal input to
GENERATOR may reach a substantial size, perhaps
several thousand cards. Some users of repeatable test-
ing find it convenient to maintain their item pools on a
master file and manipulate the pools with an updating
or editing system..

The item pool is -organized by GENERATOR into
a list, which is controlled by several tables. An impor-
tant aspect of the overall efficiency of the CGRT pro-
cess is that the entire pooliskeptin directly addressable
memory, since it will be repeatedly accessed in a random
fashion. In a subsequent section we discuss ways to
operate with the data kept primarily on secondary stor-
age. All items in a set are stored in logically adjacent
positions in the list. The list of items is accessed by a
vector of pointers to the origin in the list of each item.
To distinguish sets of items, another vector contains
set pointers to positions in the first vector, each set
pointer specifying the index in the vector of the first
item pointer for that set. The names of the items.and
of sets, as supplied by the instruetor in his item pool,
are not used in the item selection processes; only the
position of a set in the pool and the position of an item
in its set is relevant. Thus the items may be accessed
by position indices rather than by name; this allows a
very rapid retrieval of any item.

GENERATOR next reads the specifications for the
tests to be produced from the pool of items. Required
parameters are an examination unit number, the num-
ber of individualized tests, the number of copies of each
such test, the' number of questions to appear on each
test, and a starting value for numbering of the individ-
ual tests. Among the optional specifications, in addi-
tion to the previously described weight and frequency
factors, is the ability to specify randomized or ordered
selection of sets during test generation.

Once the test specifications are known, GENERA—
TOR produces a small output file (usually on cards)
describing the structure -of the item pool, the item
identification, the item answers, and certain ecritical
test parameters. This file, typically containing about
twenty cards, will permit the later regeneration of the
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sequence of items (and answers!) on any given test,
and thus will permit grading of student responses with-
out the necessity of explicitly preserving the answers
for each form: The amount of information which must
be maintained between test preparation and scoring
is therefore very small. .

With these preliminaries attended to, GENERATOR
then formulates and prints each test. The selection of
items for a test involves two stages: selection of a se-
quence of sets, and then choosing of an item from each
selected set. The instructor will have stipulated either
random or ordered set selection, and may have pro-
vided frequencies for his sets. Randomized set orderings
are effected using a pseudo-random number generator;
ordered set selection requires that the sets be used in
the order that the instructor presented them in the
item pool. Item selection from within a chosen set is
always randomized; of course, the item selection is per-
formed without replacement, to assure that no item
appears more than once on a given test. The designa-
tion of both set and item is achieved conveniently
using indices to the set and item vectors previously de-
seribed. ‘

For later scoring to be performed by regeneration of
the answer sequence for each test, it is vital that the
pseudo-random numbers used be reproducible. This
is achieved by using a simple function of the test num-
ber as an initializing value for a random number gen-
erator. '

Using the indices to the selected items, GENER-
ATOR formats and writes the test onto a file for subse-
quent printing. See Reference 1 for an example of the
format of a printed test. The test consists of a heading
section followed by each item, with question body on
the left and answer part on the right. The answer ma-
terial will be removed by the instructor prior to admin-
istration of the exam, and will be given to the student
upon his completion of the test. As one might imagine,
the speed of test generation is very heavily dependent
on the speed of the test formatting and output processes.
As is shown in a later section, very dramatic improve-
ments in program performance may be obtained by
some rather simple (but unfortunately non-standard)
manipulations of the FORTRAN output processes.

Grader

Scoring of student responses is performed by
GRADER, whose program flow is given in Figure 2.
Its first important act is to read and record the infor-
mation contained on the small answer regeneration
decks prepared by GENERATOR. Since the instruc-
tor may have prepared tests with several different exe-

READ ANSWER SUMMARY DECKS

S

READ STUDENT RESPONSE

REGENERATE ANSWERS FOR THIS TEST

Y
SCORE THE TEST

___lﬂl-QEgL RESPONSES SCOREDE)

y YES
SORT SCORES BY STUDENT

PREPARE ROSTER OF SCORES

@)

Figure 2—GRADER program flow

cutions of GENERATOR (and indeed may have
changed items between runs), he may supply several
answer regeneration decks to GRADER. The princi-
pal requirement for the success of this procedure is that
no two different tests over an examination unit have
the same test numbers. This is easily arranged by the
instructor at the time he prepares the tests. For mean-
ingful scoring, the instructor will also see that each
test has the same total point score. The answer infor-
mation is structured in memory in a fashion very simi-
lar to that used by GENERATOR for the item pool,
except the text of the items is not present during grad-
ing. The student typically marks his responses on a
mark sense form, which is subsequently reduced to a
punch card by an optical form reader. An annoying
phenomenon is inherent in many such operations be-
cause of inadequacies in form design and reader capa-
bility: the mark sense answer form may contain in-
sufficient space for each item to uniquely record the
range of possible answer characters, and some doubling
up of spaces is required. This imposes a many-to-one



644 Fall Joint Computer Conference, 1972

mapping on the information that reaches the computer,
and requires that the original item pool answers be
similarly transformed. This transformation is described
to GRADER in a series of FORTRAN data state-
ments, and is imposed on the correct answer informa-~
tion prior to entering the scoring section of the program.

A student’s response to a test thus typically reaches
the computer as a card containing his name or identifi-
cation number, the individual test number, and his
(possibly transformed) answers to the questions. Using
the test number and the information supplied with
the appropriate answer deck, GRADER performs an
item selection identical to that done by GENERATOR
when the test was prepared. With the sequence of cor-
rect answers at hand, GRADER scores the student’s
response, weighting each item appropriately. When all
student responses have been scored, GRADER sorts
the results according to student identification, and
prints a roster of the scores. A student may have taken
several tests over the same examination unit; his scores
will be listed together on the roster, ranked either ac-
cording to score or test number, as dictated by the in-
structor.

Several special features associated with the grading
process are available. We mention them only briefly.
A number of computer programs are in use for cumula-
tive recording of examination scores and subsequent
assignment of a course grade. We have a rather primi-
tive but useful item analysis routine which assists
the instructor in the detection and improvement of
faulty items in his pool. An elaborate system of pre-
editing of both correct answers and student responses
is available. This allows very flexible alterations of “cor-
rect” answers and student responses, and permits. the
assignment of penalty points (e.g., for lateness), or the
selective elimination or alteration of specific items,
sets, tests, students, etc. We are working on methods
of allowing optional and multiple answers to items,
weighted appropriately.

ENHANCEMENT OF PERFORMANCE

The CGRT process was conceived and implemented
as a production system—to be used repeatedly and rou-
tinely by many people. The efficiency and cost of the
computing processes are thus important factors in the
acceptance of the method both by instructors and by
computing centers. Observations of early versions of
the test generation program indicated that the develop-
ment of the test output to be printed was requiring an
uncomfortable amount of computer time. (Note that
we are discussing central processor time for producing
the test output and recording it on some appropriate

device such as disk, drum, or tape; the printing of the
output is inevitably a lengthy process, but does not
place a significant burden on the central processor in
modern buffered output systems.) Subsequent timing
studies showed that the vast bulk of central processor
time was spent in the formatting and outputting pro-
cesses themselves, with only a small portion of the time
spent in the logic of item selection and other compu-
tational and input-output activities. Most of the ac-
tivity in test production is character manipulation of
a very elementary kind. The elaborate FORTRAN
formatting routines, which were being, invoked for each
line of output, were inappropriate for such simple but
voluminous work. Furthermore, it was felt that too
much time was being spent in the library routines which
supported the FORTRAN write operation.

As a result of these observations, a version of GEN-
ERATOR was prepared which (1) reduced the calls to
the FORTRAN formatting routines virtually to zero,
and (2) blocked the output internally in the program so
as to reduce the calls to the FORTRAN output rou-
tines. This was made possible on our Control Data
3600 (later a CDC 6600) equipment by two non-stan-
dard but now fairly prevalent FORTRAN features:
in-core formatting (specifically, the ENCODE feature),
and direct input-output (specifically the BUFFER
OUT feature). The former allows data in memory to be
manipulated with the customary FORTRAN format-
ting routines and the result placed in memory, rather
than inescapably on an output device. The latter fea-
ture permits the writing of an arbitrary amount of data
in an arbitrary format onto a file without any editing
by the FORTRAN library.

These features were used in the following way: Since
the highly repetitive processes in GENERATOR were
in the test printing section, all editing of information
which would eventually be printed was moved forward
in the program and performed (with the aid of the in-
core formatting feature) at the earliest. practical time.
For instance, the text of each item in the pool eould be
immediately edited and stored to appear as printable
lines by inserting the printer control character in the
first character position of each line. Other formatting
operations, such as formation of question numbers,
were moved forward until the number of invocations of
a format statement was reduced to one per test! This
one involved the first line of the test, which contained
the test number. The lines of generated output were
collected in a buffer (a FORTRAN array) with appro-
priate line terminators appended, and under the man-
agement of a simple blocking routine were written
periodically to the output file.

The results were astonishing, even to seasoned pro-
grammers. Table I gives timings for the standard FOR-
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TABLE I—Execution Times to Produce 1000
Tests on CDC 6600

Modified
Standard CDC 6600
FORTRAN FORTRAN
version version
Total time in GENERATOR 326 sec. 18 sec.
Time in output section 320 12
Time in item selection section 4 4
Time in other parts of 2 2

program

TRAN version of GENERATOR and for our CDC
6600 modified FORTRAN version. The figures are
central processor times for preparation of 1000 typical
individualized tests, and do not include printing time
or time spent waiting for the completion of physical
output operations (the latter time is used in a multi-
programming system to run other programs).

One observes an improvement factor of 27 in the cru-
cial output section, with no appreciable cost in other
sections of the program! The exact figure will vary with
different computer systems, but the obvious conclusion
transcends this particular project and this particular
machine. Programming language designers and imple-
menters please note. The improvement in performance
gained by the above steps changed the CGRT test pro-
duction operation from one which placed uncomfort-
able demands on the central processor (which if nothing
else usually results in poor turnaround) to one whose
cost and performance were quite acceptable. Readers
are referred to Reference 1 for a discussion of the eco-
nomics of the CGRT process.

“MACHINE-INDEPENDENT” FORTRAN
PROGRAMS?

The resounding effect of the improvements cited in
the previous section has posed a dilemma. One of us

(FP) has had considerable experience in developing -

“machine-independent’” FORTRAN programs, and
has been an enthusiastic advocate of such coding prac-
tices, wherever realistic. Yet the value to the CGRT
project of our non-standard practices could not be
denied. To compound the problem, there developed
considerable interest in the CGRT scheme on the part
of teachers and computer people at numerous other
locations.

We have developed standard FORTRAN IV ver-
sions of GENERATOR and GRADER that are spe-
cifically designed to be readily adaptable to most me-
dium and. large computer systems. By and large, the

syntactic problems in such an effort are minor; virtu-
ally everyone has a well-maintained standard FOR-
TRAN compiler at his disposal. However, there are a
number of serious semantic difficulties. Although this
is not the place to embark on a catalog of possible FOR-
TRAN machine dependencies, several of the problems
and our solutions (or lack of them) -should be men-
tioned. The first awkward problem is the packing of
characters into words during input and output oper-
ations. Different computers have different word sizes,
which accommodate various numbers of characters,
and the FORTRAN format statements should reflect
this fact. Packing is essential in this project, since the
item pool frequently contains a large number of charac-
ters. Our solution was to provide for each input and
output operation a set of read or write and format
statements for each common number of characters
per word, and to select the proper read/format or
write/ format pair by a branch governed by a variable
indicating the number of characters per word. The
user thus is required to set only a single variable at the
beginning of the program. :

A second problem is the shifting of characters within
words. The usual multiplications or divisions by powers
of two inevitably fail on some machine (e.g., the CDC
6600). We reduced the problem in these particular pro-
grams to the need to move a character from the leftmost
end of a word to the rightmost end. We request the
user to supply his own shift routine to accomplish this
act, and to replace our routine, which is designed:for
the CDC 6600. S '

The generation of acceptable pseudo-random num-
bers on machines with small word size is difficult to
generalize. However, almost every installation will have
a random number generator in its library, and we ask
that the user replace our generator with a call to his
own routine. These are easy and acceptable (if inele-
gant) solutions to several tedious problems in produc-
ing portable FORTRAN programs. There remains the
more difficult matter of converting the output in GEN-
ERATOR to reduce the dependence on FORTRAN
output procedures. With the present inadequate stan-
dard FORTRAN, there is no good solution. Our choice
was to provide the straightforward FORTRAN pro-
gram, with copious comments illustrating what one
should wish to accomplish. with the particular in-core
formatting and blocking mechanisms available at his
installation.

CGRT WITH SMALL COMPUTERS

CGRT has aroused the interest of teachers in colleges
and high schools that have access to small computing
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systems. We have received many inquiries about the
availability of programs for such machines. The IBM
1130 seems to be most widely used in this environment.
Therefore we have developed a version of CGRT for a
minimal IBM 1130 system equipped with card reader
and punch, disk, line printer, and 8K of main memory.
At the time of writing, the programs for generating and
scoring tests have just completed field test and are
ready for distribution.

The tactics employed to implement CGRT on small
computers are significantly different from those pre-
viously described, although the result is similar. The
FORTRAN language available is typically ANSI Basic
FORTRAN, a minimal language with few frills. The
minimum 8K words of main memory will accommodate
on the order of 16,000 characters. Since a modest pool
of test items will need over 100,000 characters, the pool
must be kept almost entirely on secondary storage.
Further, a typical test of three pages will fill main mem-
ory, and thus test output must be disposed of promptly.
The computer is too small to provide a spooling mech-
anism (one in which printable material is written to a
secondary storage file for later printing), so printing
occurs on-line at the time of execution of the program.
Since the volume of print is large, and since the typical
line printer available on such a system operates at a
rather slow speed (80 lines per minute for an IBM 1132),
one anticipates that the limiting factor in test genera-
tion on the small machine will be the speed of the
printer.

On the basis of these indications, our IBM 1130 ver-
sion of the test generation program was designed to keep
the item pool entirely on the disk, using main memory
for programs and for organizational data such as the
vector of (disk) pointers for each item. Items are se-
lected for inclusion on a test using algorithms similar
to those described in an earlier section. The items are
then obtained from the disk in the proper order for
printing, and are immediately formatted and printed.

The expectation that the test generation process
would be limited by the speed of the line printer was
confirmed for the IBM 1132 printer. However, on a
machine with a 600 line per minute printer, the opera-
tion was then limited by the disk access time. We are
now developing algorithms to minimize disk accesses
so as to again make such faster printers the limiting
resource in test generation.

PRESENT STATUS AND PROJECTED
DEVELOPMENTS

Computer Generated Repeatable Testing has been
a useful adjunct to the instructional process at Indiana

University for several years, and more recently at other
institutions. A number of uses of repeatable testing
have suggested themselves. The principal use has been
for testing in college-level classes, frequently but not
exclusively in large sections. Repeatable testing in the
classroom, at scheduled times outside class, and in a
more flexible student-scheduled environment have each
proven effective for various instruectors. Repeatable
testing is well suited for make-up examinations and for
administering special tests to allow advanced place-
ment. There are potential applications to correspon-
dence course work, and in regional and national testing
centers. Using the repeatable test as a tutorial device,
in which the student may take tests simply as a study
aid, has become a very important aspect of our ser-
vice.

For those instructors with available item pools or
who are willing to develop items in the necessary quan-
tity, repeatable testing has frequently been a great aid
to effective teaching. There are now the beginnings of
a coordinated effort to publicize the availability of test
items in machine readable form. At the instigation of
Gerald Lippey of IBM Corporation (San Jose, Cali-
fornia 95114), a meeting was held in San Jose in January
1972 of a small group of people who had worked in the
area of mechanized test item banking or computer
facilitated testing. As a result of this meeting, Lippey
has made a good start toward ascertaining the type and
extent of available pools of test items. Through such
efforts, and through the generosity of item writers,
banks of items may in the future be more readily
available than in the past, and each instructor will not
be faced with the task of developing his own complete
item pool.

At Indiana University, instructors have developed
and used repeatable testing item pools in English,
geography, home economics, chemistry, economics,
statistics, psychology, speech therapy, accounting,
education, and others. Usage of CGRT at Indiana
University encompasses about ten courses a semester,
with over 40,000 individualized tests printed for over
2000 students. Our plans are for expansion of the CGRT
facility in several areas. We are working on schemes for
student recording (and mechanized recovery) of multi-
character answers, to accommodate those instructors
who find the single-character answer restriction to be
unacceptable. We would like to allow multiple or op-
tional answers to items, with appropriate weights for
allocating part credit. There is interest in a more com-
prehensive item analysis package. And several people
are working on the automatic generation of test items.

Repeatable testing programs are available for dis-
tribution. The standard FORTRAN version (for me-
dium and large computer systems), the specialized CDC
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6600 FORTRAN version, and the IBM 1130 FOR-
TRAN version may be obtained from the authors. If
you wish to investigate the CGRT method, please
write for documentation and instructions for request-
ing the programs.
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