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ABSTRACT: A new priority queue implementation for the
future event set problem is described in this article. The new
implementation is shown experimentally to be 0(1) in queue
size for the priority increment distributions recently
considered by Jones in his review article. It displays hold
times three times shorter than splay trees for a queue size of
10,000 events. The new implementation, called a calendar
queue, is a very simple structure of the multiple list variety
using a novel solution to the overflow problem.

1. INTRODUCTION
A priority queue is a queue for which each element has
an associated priority, and for which the dequeue opei-
ation always removes the lowest (or highest) priority
item remaining in the queue. An important application
of priority queues is representation of the pending
event set in discrete event simulation [1, 8, 10, 11].
Priority queue implementations can be classified
according to the manner in which execution time var-
ies with queue size. Let a hold operation refer to a
dequeue followed immediately by an enqueue. This
operation leaves the queue size unchanged. For a sim-
ple linear list implementation, the time for a hold oper-
ation is proportional to the queue size. The two list
method reduces the queue size dependence of the hold
time ta O(r°®°), where n is the queue size [1]. Binomial
queues, pagodas, skew heaps, pairing heaps, and splay
trees run with O(log n) time per hold operation [2, 4,
7,11-15, 17].
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At least two priority queue implementations for the
special case of the event set problem have heen pro-
posed which were claimed to have a hold time of O(1)
in the queue size. In 1977 Franta and Maly proposed a
two level pointer structure which has O(n-¥) worst case
behavior but which their experimental data showed to
have nearly O(1) average performance {5, 6]. While
comparing it to other event set implementations, how-
ever, McCormack and Sargent found it did not work
nearly as well as originally indicated [11]. They sug-
gested that this might be due to large overhead, or to an
error in the original code.

In 1980 Davey and Vaucher proposed a partitioned
list structure which they proved to be O(1) except for
the problem of an overflow list. This structure also
was tested by McCormack and Sargent and found to
work no better than a p-tree implementation, which is
O(log n), for queues of modest size [11]. They pointed
out that Davey and Vaucher’s partitioned list is O(n) if
a fixed non-negligible percentage of events end up in
the overflow list, as happens for some distributions. As
with Franta and Maly’s method, high overhead seems
to be a problem. A complicated algorithm may be slow
even though its execution time is O(1) in queue size.
Such an algorithm will be useful only for extremely
large queues.

Another event set implementation worth mentioning
is that proposed by Ulrich in 1978 {16]. He did not
claim O(1) performance for it, but analysis of his algo-
rithm suggests that it should be O(1) in average per-
formance except for the presence of an overflow list.
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The purpose of this article is to present a priority
queue implementation for the event set problem which
has relatively low overhead, and which on the basis of
intuition and experimental evidence has O(1) average
performance. The proposed data structure is called a
calendar queue. It is modeled after a desk calendar,
which is the means by which a human being solves the
problem of ordering a future event set. It bears strong
similarities to Davey and Vaucher’s partitioned list and
to Ulrich’s multiple list structure, but does not require
an overflow list and is considerably simpler.

2, THE CALENDAR QUEUE

One schedules an event on a desk calendar by simply
writing it on the appropriate page, one page for each
day. There may be several events scheduled on a par-
ticular day, or there may be none. The time at which
an event is scheduled is its priority. The enqueue oper-
ation corresponds to scheduling an event. The earliest
event on the calendar is dequeued by scanning the
page for today’s date and removing the earliest event
written on that page.

In the computer implementation, each page of the
calendar is represented by a sorted linked list of the
events scheduled for that day. An array containing one
pointer for each day of the year is used to find the
linked list for a particular day. If the array name is
“bucket,” then bucket[12] is a pointer to the list of
events scheduled for the 12th day of the year. The
complete calendar thus consists of an array of 365
pointers and a collection of up to 365 linked lists.

Events can be scheduled for up to one year from the
present date by making the calendar circular. If today is
December 5, then one can schedule an event for No-
vember 12 of next year by simply flipping back to No-
vember 12 on the present calendar and writing the
event on that page. If events are erased from the calen-
dar as they are dequeued, it will be clear that the event
on November 12 is scheduled for next year. Upon de-
queueing the last event from December 31 of this year,
one moves back to January 1 and begins dequeueing
events scheduled for next year. The same calendar can
be used indefinitely. Notice that there is no need to
move pointers or perform any other maintenance on the
data structure as one moves from one year to the next.

Events can be scheduled more than a year in ad-
vance if one writes the date beside each event. Suppose
the present date is June 5, 1987. If today’s calendar page
contains the entry “Open time capsule—June 5, 1988,”
it is clear that this event was scheduled more than a
year in advance and that it should not be dequeued
until next year. Before dequeueing an event from to-
day’s calendar page, one checks the date written beside
it to make certain that it is scheduled for this year. If it
is, one dequeues it and erases it; if not, it is ignored and
left for next year or some year thereafter. This simple
mechanism avoids the need for an overflow list and its
associated problems. In the computer implementation,
the time of each event is already recorded in its event
node, and so no new record keeping is required. All
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that is necessary is to examine the date of each event
before dequeueing it to make certain that it belongs to
the current year. If not, it is simply skipped and left for
a future traversal of the calendar.

The length of a year is chosen to be long enough that
most events, say at least 75 percent, will be scheduled
for no more than a year after the time at which they
are enqueued; and the number of days in a year is
chosen to be large enough that no one day contains too
many events. The length of a year and the length of a
day will both have to be adjusted periodically as the
queue grows and shrinks. Figure 1 is an example of a
calendar queue with an eight day year. The length of a
year is 4.0 time units and the length of a day is 0.5 time
units. The next event to be dequeued is at time 14.5.
Notice that the event at time 19.1 in bucket 6 will be
skipped the first time it is encountered and dequeued
the following year. The year shown begins at time 12.0.
If year O begins at time 0.0, year 1 begins at time 4.0,
etc., then the current year is year 4.

Bucket 0: 16.2 /* 12-125 */
Bucket 1: 16.6 /* 12.5-13 %/
Bucket 2: /* 13-135 */
Bucket 3: 17.8 /* 13.5-14 */
Bucket 4: /* 14-145 ¥

—> Bucket 5: 145 147 148  /* 145-15 */
Bucket 6: 152 153 191  /* 15-155 */
Bucket 7: 15.9 /* 15.5-16 */

The current year begins at 12.0 and ends at 16.0. Bucket 5 is
the current date. Note that events scheduled in buckets 0
through 4 are scheduled for next year and are in the range 16~
20. 0.5 is the length of a day. The numbers on the right are the
time ranges for each day in the current year. Note that the event
at 19.1 in bucket 6 is scheduled for next year.

FIGURE 1. Eight Day Calendar Queue

3. ADJUSTMENT OF CALENDAR SIZE

If the number of events in the queue is much smaller
or much larger than the number of buckets, it will not
function efficiently. If each bucket contains 100 entries,
the enqueue time will be excessive because of the time
needed to locate the position in the sorted list at which
to enter the new event. If only one bucket out of a
hundred contains an entry, the dequeue time will be
long since an average of a hundred empty buckets will
have to be examined during each dequeue to find the
next entry.

Consider an empty queue which gradually grows to
contain 10,000 events. Since it will eventually hold
10,000 events, the number of buckets should be on the
order of 10,000. While the queue is still small, say 10
events, only one bucket in 1000 will be occupied. This
will make the queue extremely inefficient while it is
small. The solution is to allow the number of buckets to
correspondingly grow and shrink as the queue grows
and shrinks. One can start with a small number of
buckets and copy the queue onto another calendar
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whenever the number of events exceeds twice the
number of buckets. Similarly, if the queue shrinks so
that the number of events is less than half the number
of buckets, it can be copied onto a smaller calendar. If
the number of buckets is doubled when the queue size
reaches twice the number of buckets, the new queue
will have the same number of events as buckets. Simi-
larly, halving the number of buckets when the queue
size falls to half the number of buckets will result in
the new calendar having the same number of buckets
as events.

Consider a queue which has grown steadily from 0 to
1024 events, and suppose that the initial number of
buckets was two. The events were copied onto a new
calendar when the queue size reached 5, again when it
reached 9, again at 17, 33, 65, 129, etc. The queue was
recopied each time its size became one greater than a
power of two. How many times has the average event
been copied? Half of the events were not copied at all,
since they were added after the last doubling of the
number of buckets. Half of the remaining 512 were
added between the doubling before last and the last
one, and so have been copied once. Continuing in this
manner one sees that %N were copied once, ¥aN were
copied twice, VisN were copied 3 times, etc., where
N = 1024. Thus the average number of times an event
was copied is

(Ya) + 2(¥8) + 3(V16) + 4(Vs2) + 5(Y6d) + - - -

The sum terminates when one reaches the original
queue size. The finite sum is bounded by the infinite
sum, whose value is 1.0. In this case the queue size is
exactly a power of two. The worst case is when the
queue size is one greater than a power of two. When
the queue size reaches 1025, all of the events will be
copied to another calendar and the average event will
have been copied about twice. The number of times an
average event has been copied will fluctuate between
one and two as the queue grows, never becoming larger
than two. The recopying time per event is O(1) in the
queue size.

Suppose that the queue size fluctuates, rising and
falling either randomly or periodically. The worst case
would be for the queue size to rise rapidly to just above
a power of two, then fall rapidly to just below the next
lower power of two, repeating this cycle indefinitely.
Suppose for example that the queue size is fluctuating
rapidly between 511 and 1025. The fastest rise and fall
possible is with a string of 514 enqueues followed by
514 dequeues. The number of buckets will oscillate in
this case between 512 and 1024. 1025 + 511 events will
be copied each cycle, and the equivalent of 514 hold
operations will be performed per cycle. This gives an
average of not quite 3 events copied per hold operation.
The same bound of 3 is obtained for oscillations be-
tween just below 2™ and just above 2” for any m and n.

One way to allocate space for the array bucket| ] is to
allow it to oscillate between the top and bottom of a
larger array. Suppose that bucket| | is a subarray of

Communications of the ACM

A[ ], which has 15,000 events, and that the current
calendar has 64 buckets. If bucket[0] = A[0), then the
next calendar will be at the top of A[ ]. When the
queue is copied onto a 128 bucket calendar, bucket will
be moved so that bucket[0] = A[15000 — 128]. Each
time the queue is copied to a new calendar, bucket] ]
moves from the top to the bottom or from the bottom to
the top of A[]. The original calendar will be at the
bottom and the new calendar at the top, or vice versa.
Since one calendar is always half the size of the other,
the total space needed to contain both the original cal-
endar and the new one is 1.5 times the space needed
for the larger calendar. Moving one array within an-
other is especially easy in C, since an array name in C
is simply a pointer to the first element of the array, and
pointer arithmetic is supported. The same effect can be
obtained in other languages using subscript arithmetic.
If space is at a premium, the old and new calendars can
be stored in the same array, and mark fields can be
used during copying to keep track of which entries
have already been copied to the correct bucket for the
new calendar.

The length of a day (bucket width) should be
adjusted each time the queue is copied onto another
calendar. If the bucket width is much greater than the
average separation of adjacent queue elements, the
queue elements will be clustered in a small number of
buckets near the current date and the rest will be
empty. If the bucket width is too small, most queue
elements will not be in the current year. Enqueue and
dequeue times are smallest when the bucket width is
somewhere in the vicinity of the average separation of
adjacent queue elements. Since the separation of adja-
cent queue elements generally decreases as more ele-
ments are added to the queue, the bucket width should
be readjusted when the queue is copied to another cal-
endar. Buckets containing events about to be dequeued
normally contain the most queue elements, since they
have not been emptied for a full year. An easy way to
calculate the new bucket width is to dequeue a few
elements, calculate the average separation of the
dequeued events, and then put them back on the
queue.

There is one last difficulty to be considerad. It can
occasionally happen that all of the priorities in the
queue become tightly clustered around two or more
points. For example, half of the priorities might be in
the interval [0, 0.1] and the other half in the interval
(5.6, 5.7]. If the queue contains 1000 events. 500 in each
interval, the average separation between events within
either interval will be about 0.0002. If the bucket width
is 0.0002, then the length of a year will be 0.1024 (as-
suming 512 buckets). The distance between the two
intervals is about 54 years, with 512 days per year.

The first 500 events could be dequeued quickly, but
54 years of empty buckets would have to be searched to
find the first event in the interval [5.6, 5.7]. One would
cycle through the calendar 54 times before finding an
event in the current year. The remaining 500 events
could then be dequeued quickly after the first event in
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the second set is found. The cost of searching one or
two empty years would not be bad when amortized
over 1000 elements, but 54 years is excessive.

A simple solution is to resort to a direct search for
the minimum priority event in the queue whenever an
entire year of empty buckets is encountered. Whenever
the dequeue operation cycles through all of the buckets
in the calendar without finding an event in the current
year, it cycles through again looking for the lowest
priority item in the queue. Since the events in each
bucket are sorted, it suffices to examine the first event
in each bucket. Normal operation is resumed at the
priority and bucket of the lowest priority element
found.

A side benefit of this strategy is that it provides pro-
tection against a poorly chosen initial bucket width. If
the queue begins with two buckets, the average separa-
tion between queue elements will not be calculated
until the queue size reaches 5. Until then the bucket
width will have its initial value. If the initial bucket
width is too large, then all of the queue elements wiil
be in one bucket. This is not a serious problem with
only 4 elements in the queue; if the bucket width is too
small, however, the queue elements may be separated
by hundreds or thousands of years. This would be a
serious problem without the direct search mode, but a
direct search is efficient when there are only two buck-
ets and 4 elements in the queue. Consequently, it is
quite safe to arbitrarily initialize the bucket width
to 1.0.

Precautions should be taken to insure that the bucket
width is set to separate points within a cluster rather
than to separate the clusters when the distribution is
severely bimodal. Recall that the bucket width is set
using the average distance between adjacent elements
in the queue. All that is necessary is to calculate an
average, throw out any separation that is more than
twice this initial average, and then calculate a new
average using only the remaining separations. This will
exclude the separation between the last point in one
cluster and the first point in the next from the final
average. Best results have been obtained using a bucket
width of 3.0 to 4.0 times the average separation be-
tween queue elements. This puts an average of 3 or 4
elements in each bucket about to be dequeued.

4. ALGORITHMS
The enqueue operation can be implemented as follows
(in C pseudocode):

enqueue(entry, priority)
double priority;
struct nodetype *entry;
/* This adds one entry to the queue. */
{
int i;
/* Calculate the number of the bucket in which to
place the new entry. */
i = priority /width; /* Find virtual bucket. */
i =i % nbuckets; /* Find actual bucket. */
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Insert entry into bucket i in sorted list;
++qgsize; /* Update record of queue size. */
/* Double the calendar size if needed. */

if (gsize > top _threshold) resize(2 * nbuckets);

}

If the calendar length were infinite, the bucket contain-
ing an entry would be found by dividing its priority by
the bucket width and rounding down to the nearest
integer. The bucket found this way is called the virtual
bucket. The actual bucket number is the virtual bucket
number modulo the number of buckets in the calendar.
Since the number of buckets is normally a power of
two, the modulo operation can be performed by anding
with a bit mask containing zeros in the high order bits.
Top_threshold is normally twice the current number of
buckets, and resize( ) is the procedure that copies the
queue onto a new calendar.

The following procedure implements the dequeue
operation:

struct nodetype *dequeue()

/* This removes the lowest priority node from the
queue and returns a pointer to the node containing
it. */

{

register int i;

if (qsize == 0) return(NULL);

for (i = lastbucket; ;) /* Search buckets */

{ /* Check bucketi */
if (bucket[i] = NULL && bucket[i] — prio
< buckettop)
{ /* Item to dequeue has been found. */
Remove item from list;
/* Update position on calendar. */
lastbucket = i; lastprio = priority of item removed;

——qsize;
/* Halve calendar size if needed. */
if (gsize < bot_threshold) resize(nbuckets/2);

return item found;
}
else
{ /* Prepare to check next bucket or else go to a
direct search. */
++i; if(i == nbuckets) i = 0;
buckettop += width;
if(i == lastbucket) break; /* Go to direct search */

)
}
/* Directly search for minimum priority event. */
Find lowest priority by examining first event of each
bucket;
Set lastbucket, lastprio, and buckettop for this event;

return{dequeue()); /* Resume search at minncde. */

Three variables are used to keep track of the position in
the calendar from which the last event was dequeued:
lastbucket, buckettop, and lastprio. Lastbucket is simply
the bucket number from which the last event was de-
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queued. Buckettop is the priority at the top of that
bucket, i.e., it is the highest priority that could go into
the bucket. Actually, it is one-half width greater than
the top of the bucket. Lastprio is the priority of the last
event dequeued. Lastbucket and lastpric are updated
just before returning a dequeued event, and buckettop
is updated every time the search advances to another
bucket. Lastbucket is needed so that dequeue() will
know where to begin the search. Buckettop is used to
determine whether an entry is for the current year;

it is the top of the bucket for the current year. It is

0.5 = width greater than the actual buckettop to guard
against rounding error. Buckettop and width must be
double precision to avoid fatal accumulation of round-
off error in the often repeated update operation:

buckettop += width;

Roundoff error will quickly cause buckettop to become
less than the actual top of the bucket if this addition is
done in 32 bit floating point. Other floating point vari-

ables in the program can be 32 bits long.

The main search loop is exited by a break command
whenever i becomes equal to lastbucket. This only
happens when an entire year of buckets have been
searched without finding a queue element to dequeue.
A direct search is then begun for the smallest element
in the queue. When it is found, lastbucket, lastprio, and
buckettop are reset at its position and the search is
resumed by a recursive call to dequeue( ).

Each new calendar generated by resize( ) is initial-
ized by a procedure called localinit( ).

localinit(gbase, nbuck, bwidth, startprio)

int gbase, nbuck;

double bwidth, startprio;

/* This initializes a bucket array within the array af].
Bucket width is set equal to bwidth. Bucket[0] is
made equal to a[gbase]; and the number of buckets
is nbuck. Startprio is the priority at which dequeue-
ing begins. All external variables except resizeen-
abled are initialized. */

{

int7;

long int n;

/* Set position and size of new queue. */
firstsub = gbase;

bucket = pointer to start of bucket([] in a[];
width = bwidth;

nbuckets = nbuck;

Calculate bit mask for modulo nbuckets operation;
/* Initialize as empty. */

gsize = 0;

for(i = 0; i < nbuckets; ++i) bucket{i] = NULL;
/* Set up initial position in queue. */

lastprio = startprio;

n = startprio/width; /* Virtual bucket */
lastbucket = n % nbuckets;

buckettop = (n + 1) * width + 0.5 » width;

/* Set up queue size change thresholds. */
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bot_threshold = nbuckets/2 — 2;
top_threshold = 2 * nbuckets;

} /* end */
An empty queue is initialized by initqueue( ).

initqueue()
/* This initializes an empty queue. */
{
localinit(0, 2, 1.0, 0.0);
resizeenabled = TRUE;
}

The first calendar is initialized at the bottom of a[ ]
with two buckets. The initial bucket width is 1.0 and
the starting priority is 0.0. This assumes that all priori-
ties are positive. A large negative starting priority could
be used otherwise. It would trigger an initial direct
search at the first dequeue. Resizeenabled is used to
disable copying to a new calendar when temporarily
dequeueing elements to calculate the new bucket
width.

Resize can be implemented as follows:

resize(newsize)

int newsize;

/* This copies the queue onto a calendar with newsize
buckets. The new bucket array is on the opposite
end of the array a[QSPACE] from the original. */

{

double bwidth;

int i;

int oldnbuckets;

struct nodetype =+ oldbucket;

if (‘resizeenabled) return;

bwidth = newwidth(); /* Find new bucket

width. */

/* Save location and size of old calendar for use

when copying calendar. */

oldbucket = bucket; oldnbuckets = nbuckets;

/* Initialize new calendar. */

if(firstsub == 0)
localinit(QSPACE-newsize, newsize, bwidth,
lastprio);

else
localinit(0, newsize, bwidth, lastprio);

/* Copy queue elements to new calendar. */

for (i = oldnbuckets — 1; i >= 0; ——i)
Transfer elements from bucket i to new calendar
by enqueueing them;

} /* end */

The final procedure needed is newwidth( ). New-
width() calculates the bucket width to use for the new
calendar.

double newwidth()
/* This calculates the width to use for buckets. */

{

int nsamples;
/* Decide how many queue elements to sample. */
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if(gsize < 2) return(1.0);
if(gsize <= 5)
nsamples = gsize;
else
nsamples = 5 + gsize/10;
if(nsamples > 25) nsamples = 25;
Record lastprio, lastbucket, buckettop;
Dequeue nsample events from the queue and record
their priorities with resizeenabled equal to FALSE;

Restore the sampled events to the queue using en-
queue( );
Restore lastprio, lastbucket, and buckettop;

Calculate average separation of sampled events;
Recalculate average using only separations smaller than
twice the original average;

return(3.0 times final average);

} /* end */

5. EXPERIMENTAL RESULTS

All measurements were performed on a Harris HCX-7
super minicomputer or on a Texas Instruments (T.1.)
PC. The HCX-7 is a 32-bit 10 MIP machine with a 4096
word instruction cache and a data cache. Programming
was done in C under the Unix operating system. The
Texas Instruments PC is a very small computer similar
to the IBM PC. It has an 8088 CPU with a 5 Mhz clock
and an 8087 coprocessor. Although the T.L PC is a very
small machine, it has the advantage of being a single
user system. Most of the measurements were made on
the PC rather than on the Harris minicomputer because
timing measurements could be made much more accu-
rately in the absence of task switching between users.
All programming was done in C and all routines were
coded for the maximum speed that could be obtained
without resorting to assembly language. The Microsoft
version 4.0 C compiler was used on the T.I. PC with
extended (32-bit) pointers and the big memory model.
The standard Unix cc compiler was used on the Harris
minicomputer. Global optimization was used on each.

Time was measured on the T.I. PC using the system
clock and a timing loop. The system clock only gives
time to the nearest 0.1 second, so a timing loop was
used to measure the time remaining until the next tick
of the clock. This allowed time measurements on the
T.I. PC to an accuracy of about one millisecond. Time
was measured on the Harris minicomputer using the
tms_utime field of the Unix tms function. Measure-
ments were made when there were no other users on
the system, but there was still variability of a few six-
tieths of a second.

Figures 2, 3, and 4 show measurements of hold time.
For each measurement the queue was built gradually
to the required size using a random sequence of en-
queue and dequeue operations, and then either one
thousand or one hundred thousand hold operations
were performed. One hundred thousand holds were
used for measurement on the Harris and one thousand
on the T.I. PC. Fewer holds were used for measure-
ments on the PC because of its slower speed and
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greater accuracy of time measurement. The probability
of an enqueue was 0.6 and the probability of a dequeue
was 0.4 while the queue was being built to the required
size. Measurements were made for 28 exponentially-
spaced queue sizes ranging from 1 to 11,585 (2'*%) as in
the review article by Jones [9].
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FIGURE 2. Comparison of Hold Times on Harris HCX-7
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FIGURE 3. Comparison of Hold Times on Texas Instruments PC

Figures 2 and 3 compare the calendar queue hold
time to the hold time for splay tree and linear linked
list priority queue implementations. Figure 2 shows
times on the Harris minicomputer and Figure 3 gives
times on the T.I. PC. Jones provided a copy of the splay
tree code which he used in his review article on prior-
ity queues. This code was translated from PASCAL to C
and used for the comparisons shown in Figures 2 and 3.
In each case the priority increment distribution was
exponential. The priority of the next enqueued element
was always the priority of the last dequeued element
plus —In(rand( )), where rand( ) returned a random
value uniformly distributed between 0 and 1.
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Figure 2 shows that on the Harris minicomputer the
calendar queue hold time becomes smaller than the
splay tree hold time when the queue size reaches 20,
and stays smaller as the queue grows. Note that there
is no tendency for the calendar queue hold time to
increase as the queue size grows. The calendar queue
hold time is approximately one-third that of the splay
tree for a queue size of 11,585. On the T.I. PC (Fig-
ure 3), the calendar queue hold time becomes smaller
than that of the splay tree at a queue size of 10, and the
calendar queue hold time is approximately one-quarter
that of the splay tree at a queue size of 11,585.
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FIGURE 4. Calendar Queue Hold Times for Various Distributions

Figure 4 compares the performance of the calendar
queue for several priority distributions. The distribu-
tions used are identical to those used by Jones in his
survey [9]. They are shown in Table I. Performance is
acceptable for all distributions, but is somewhat worse
for the biased distribution than for the others. The rea-
son seems to be oscillation of the density of events in
the queue, which results in the bucket width not al-
ways being optimum. These measurements were all
made on the T.L PC.

Figure 5 shows the average enqueue plus dequeue
times for non-static queues. Each point shows the aver-
age enqueue plus dequeue time for the complete pro-

TABLE I. Priority Increment Distributions

1. Exponential —In{rand) 0.50

2. Uniform 0.0-2.0 2 rand 0.66

3. Biased 0.9-1.1 0.9 + 0.2 rand 0.97

4. Bimodal 0.95238 rand + if rand < 0.1 0.13
then 9.5238 else 0

5. Triangular 1.5 rand®® 0.80

* All distributions have an expected value of 1.

® rand returns a random value uniformly distributed between 0 and 1.
¢ 1.0 corresponds to purely FIFO queue access; 0.0 is purely

LIFO. In [11], this is called %F; in [10], it is E(G(x)).
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cess of building the queue to a specified size and then
returning it to empty. Each curve gives results for a
different rate of building and emptying the queue. Con-
sider, for example, the curve labeled “prob = 0.75.” The
point at queue size 1024 is the average enqueue plus
dequeue time over the entire process of building the
queue up to 1024 elements and then returning it to
empty. The queue was built with a random sequence of
enqueues and dequeues, the probability of enqueue
being 0.75; it was then emptied by a random sequence
of enqueues and dequeues for which the probability of
dequeue was 0.75. It can be seen that the probability
determines the rate of increase and decrease of queue
size. Since the queue size returns to zero, the total
number of enqueues for the complete process equals
the total number of dequeues. This means that the av-
erage enqueue plus dequeue time equals the total time
for the process divided by the number of enqueues.
The measurements were all made on the T.I. PC.

The enqueue plus dequeue time is seen {o be greatest
for rapidly changing queue size. This is as expected,
since rapidly changing the queue size causes more fre-
quent copying of the queue to new calendars. Probabil-
ity equal to one corresponds to the most rapid increase
and decrease possible, a string of enqueues followed by
a string of dequeues. The enqueue plus dequeue time
for this case is two to three times longer on the average
than for hold operations. The oscillations are due to the
fact that recopying of the calendar occurs at powers of
two. The average time per enqueue suddenly increases
every time the queue size exceeds a power of two, and
then decreases until the next power of two is reached
because the recopying time is being spread out over a
larger number of enqueue and dequeue operations.
Twice as many points were plotted per decade in Fig-
ure 5 as in the others, so that the oscillations could be
seen more clearly. The queue size ratio between adja-
cent points is 22° rather than 23,

When the queue size rises and falls gradually, the
average enqueue plus dequeue time is not much differ-
ent than for hold operations. Consider the probability
equal 0.6 curve. Prob. of enqueue/prob. of dequeue is
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1.5 while the queue is growing and % while it is
shrinking. For this case the enqueue plus dequeue time
is 30 to 50 percent greater than for hold operations.
Notice that the enqueue plus dequeue time still shows
no tendency to increase as the queue size increases. In
fact it decreases, because the fixed costs associated with
copying to a new calendar are less important for a large
queue. Data is not shown for queue sizes less than 16
because the total time to build and empty the queue in
these cases was too short for accurate measurement.

6. CONCLUSION

A new priority queue implementation for the future
event set problem has been presented and tested. The
new data structure is similar to a number of earlier
multiple list and multiple pointer structures, but is a
simplification and improvement on them. It does not
have an overflow list, and is simple enough that execu-
tion time is quite fast for common distributions. En-
queue plus dequeue time was measured for each of the
priority increment distributions considered by Jones in
his review article on priority queues, and was found to
not increase at all with queue size [9]. This is in agree-
ment with what one would expect from an intuitive
analysis of the calendar queue data structure and algo-
rithm. The result is that for large queues the calendar
queue hold time is much shorter than any others of
which the author is aware.

In common with other similar structures, the calen-
dar queue is somewhat sensitive to the priority incre-
ment distribution. If the priority distribution in the
queue (not the priority increment distribution) is very
non-uniform, then a bucket width which is small
enough to prevent the existence of a large number of
events in buckets at which the density is high will be
so small that there are many empty buckets where the
density is low. The calendar queue also will not work
well if the distribution of priorities suddenly changes
drastically.

Suppose, for instance, that one builds the queue size
to 1000 and then begins doing only hold operations.
Since the queue size is no longer changing, the bucket
size will remain fixed. If the mean priority increment
were then to change from 1.0 to 1000.0, the calendar
queue would perform very poorly. If this is likely to
happen in a proposed application, then the queue sta-
tistics should be continually monitored and the queue
should be copied to a new calendar with a new bucket
width as needed. This is an area in which more work
could be done,

Nevertheless, the calendar queue seems to be fairly
robust. It worked well for the priority increment distri-
butions used by Jones in his measurements [9]. This is
due in part to the number of elements per bucket be-
coming quite large, 15 or 20, before performance begins
to degrade significantly. A sorted linked list must be
fairly long before the time to insert an element in it is
comparable to the total time needed for an enqueue
and dequeue. The author will be pleased to provide a
copy of the calendar queue code to anyone wishing to
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conduct further tests on it or desiring to use it in an
application—see About The Author section appearing
beneath the list of references for address information.
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