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Abstract

In Discrete Event Simulation the whole running time is mainly determined by the type of data structure intended to
manage the pending event set. The Bounded Sequential Searching (BSS) Priority Queue is a pending event set
implementation proposal for which empirica evidence of good performance is shown. BSS implementation is
stable, its algorithms are easy to program, no resize operation is ever necessary and there's no sector devoted to the
overflow. The construction mechanism and its resulting structure are as simple and clear as to let variations be
attempted. Compared to the classica Implicit Heap under the Hold Model, a considerable difference in favor of BSS
Priority Queue is experimentally shown. BSS main features are commented, the complexity of its associated
algorithms are assessed and some implementation guiddines are given. Finadly a list of open problems and current
work isremarked.
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1. Introduction

In Discrete Event Simulation (DES) events are represented by objects or notices capable to record, among other
items, the time at which the associated event is to occur. After an event generation, due to the occurrence and
evaluation of prior events, one or more notices may have to be inserted (scheduled) into a set from which they areto
be removed later on. The Pending Event Set (PES) isthe set of all generated but not yet evaluated events [11]. When
the tasks associated to previoudy removed events are over, the smulator scans the PES in order to remove and
evaluate the event with the least value of time. This mechanism performs a Priority Queue over the notices, where
the time is the priority value [9]. The whole simulation running time is therefore strongly tied to the type of data
structure used to hold the PES and, thereby, to the algorithm designed to manage it. A number of alternatives for this
Priority Queue implementation has been proposed throughout the literature, none of them being considered the best
[1,2, 10, 12, 13, 14].

A sorted singly-linked list, where nodes are removed from one of the extremes and insertions are aided by
Sequential Searching, performsthis Priority Queue well enough, in spite of its smplicity (in fact, because of it). For
models generating few events (fifty or less), this implementation is accepted to be the fastest. But for larger sized
lists of events, the smplicity of its mechanisms becomes less important and solutions algorithmically smarter
become faster, even though their initial overhead.

To improve singly-linked lists performance as a PES, one solution is to carry out Binary or Dichotomic Searching
[6] rather than ordinary Sequentia Searching. This makes necessary to address the notices inside the Sructure
somehow, otherwise the only way to move from one to ancther is by going through every one in between. The set of
positions that Binary Searching needs to know follows an iterative pattern, such as the center, and the center of the
segments determined by splitting the list at the center, and so on. In ordinary implementations (by languages like C
or Pascal) it is not hard to keep a pointer to the middle of the list. To keep two more pointers to the center of the
segments determined in the list by the central pointer, demands more work. Attempting to raise the number of
pointers up to ahigher number leads to complex algorithms, and even more complex if the number of pointersis to
be self-adjusted to the size of thelist.

Binary Searching is a particular case of a more general method in which the list is firstly divided into several
segments of the same size (two or more). Afterwards, the segment where the searched Site is known to be, is divided
again into as many segments as it was the whole list the first time. Proceeding this way, searching success is
guaranteed after no more than logs N®** notices are checked (log; N for Binary Searching), where N is the size of the
list and B the number of segments in which the list or any of its subdivisions is split in every time. FIGURE 1
depicts the Searching Complexity for this mechanism and shows that, algorithmically, the fastest option isthe onein
which B=2.
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FIGURE 1. Searching Complexity

Thisreport attempts to reach a good efficiency level with a list-based implementation, but for larger sized Queues.
Our proposal searching method also attempts to successively divide the sesgment where the searched site is known to
be, but the pattern it follows is different than the former. To carry out this process an auxiliary supporting
substructure is added to the notices list. Section 2 explains a mechanism to build such a substructure. Sections 3 and
4 comments the methods main properties. Empirica results shown in Sections 5, 6, 7 and 8 prove that this
implementation proposal satisfactorily works out events management in DES scheduling for a wide range of events
Queue sizes. The agorithms complexity are assessed in Section 9, some implementation guidelines are given in
Section 10 and our conclusions areissued in Section 11.



2. Bounded Sequential Searching

In a smple (Sequential Searching aided) sorted singly-linked list implementation of a Priority Queue the hardest
work is done whenever new events need to be scheduled. When N notices are already queued, searching success for
the insertion dte can only be guaranteed after N nodes are checked. Let's set a bound to this process by stating that
"no search should have to traver se through more than B nodes', being B a fixed value. If a new insertion is
required after the Queue has reached the sze B, a supporting substructure, to avoid the traverse of the resulting B+1
nodes in the next insertions, is added. The mechanism to build such a substructure begins by the insertion of an
auxiliary node in aparallel auxiliary queue, placed (linked) above the events Queue (see FIGURE 2).
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The auxiliary node points to the event located in position A in the events Queue, being A=ceiling((B+1)/2), and
copiesto itself the time of the pointed event, t,. Thereafter, the entrance to start further searchesis not the Header of
the events Queue anymore, but the Header of the just added supporting queue instead. The next insertion will seek
the site to place a new event by firstly seeking the corresponding site in the just created auxiliary queue. This
determination is achieved by firstly comparing the time of the new event to t,, and eventuadly to the time of the
auxiliary queue Rear, which is . Afterwards, searching should continue in the events Queue, either from the
Header or from the event pointed by the auxiliary node, according to the former comparisons. If no removal takes
place, the process continues until further insertions make one of the two segments determined in the events Queue
reach the size (span) B+ 1. Then a new auxiliary node is properly inserted in the corresponding place of the parallé
queue, following the same mechanism than before. Thereafter searches till start from the Header of the new
supporting auxiliary queue, but now up to three comparisons must be made in order to decide the event from which
searching must continue in the lowest level Queue. The supporting auxiliary queue may then grow until its sze
becomes B+1. When this happens a new paralle supporting queue is added above the existing one and,
conseguently, the starting point for further searchesis moved up to the Header of the lastly added queue.
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FIGURE 3. BSS Construction (B=2)

Rear

The supporting mechanism is made out of a number of parallel queues, each one of them in adifferent level, such as
all the nodes of a certain level queue (including Header and Rear) point to some other in the level below, but not
vice versa. Looking at the structure that is being built (see FIGURE 3), the prior statement can now be rewritten
into " no search will have to traver se through more than B nodes in any of the queues’. The cost of Sequential
Searching is Bounded by the value of B+1 in every level of the resulting structure, because B+1 is actualy the
maximum number of nodes that will have to be checked in every queue. Thereby the name of "Bounded Sequential
Searching (BSS) Priority Queue" given to the structure.
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FIGURE 4. BSS Span Determination
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As shown, the way the list or any of the resultant segments are divided, always forces k+1 comparisons whenever
segments of k nodes need to be traversed through. In real implementations the segment determination and the
corresponding span indication is suggested to be done as shown in FIGURE 4.

Even under no explicit equivalence between nodes and links, BSS outline suggests the existence of an underlying
m-ary tree [5]. The number of BSS nodes is higher, and some of the m-ary tree links corresponds to BSS paths.
Nevertheless, both structures arrange nodes under similar patterns and perform searches similarly.

3. Searching Algorithms Comparison

The smilaritiesand, in a sense, the equival ence between BSS and the former mechanism of successive subdivisions,
is now approached in more detail. The scheme under which BSS set auxiliary nodes, and therefore determines the
segments span, depends upon the time of the arriving notices, reason why even when bounded, all span values are,
in generd, different. In spite of being a "very" particular case, the snapshot of FIGURE 5(a) captures the evolution
of some BSS Priority Queue, for B=4, and represents a useful example for our current purpose. Level | corresponds
to the event notices queue, whose creation occursin first term. Successively, levels 11 and 11 completes the structure
as the number of events grows higher.
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FIGURE 5. Algorithms Comparison

On the other hand, FIGURE 5(b) outlines a pointers distribution aimed to accomplish insertions by successive
subdivisions (by 3) of a sorted list. Level | shows the first stage, where the queue is divided into three segments of
the same size. The largest notice of the lowest two segments is then checked, being determined which one of the
resultant three hold the site to allocate a new notice (in FIGURE 5(b) all segments are shown to be divided, but
actually only the successful one needs to be). Segments are divided iteratively until no further division is possible,
what in the present example occurs when the last three segments are composed by only one natice (level 111).

Both mechanisms undertake the dividing process in opposite directions. BSS starts from the smallest and evol ves up
to the largest segment, while the other method does it from largest to smallest. Nevertheless there is an underlying
relation between them, even numerical. In the example the BSS (particular) configuration, for B=4, provides the
same searching potential as the method that keeps dividing the list by 3. Furthermore, the method that successively
divides the list by k, finds an equivalence in some BSS configuration for B=2(k-1). But the most interesting result
can be obtained from a visual review of FIGURES 5 (a) and (b). In fact, ultimately, BSS construction proceeds, in
any level, by inserting "1 auxiliary node every B-1 in the level below". In the example it does it like "1 auxiliary
node every 3 in thelevel below". As a consequence it finally gets to split the whole queue into 3 parts (in level 111).
So there is atight connection between the counting of nodes to "build" segments in the lowest level and the number
by which the whole queue is finally divided in the highest level. And this fact makes explicit the way both methods
arerelated.

The size of the queue under analysis was selected on purpose, and the BSS structure only adjusts itself exactly to the
shown pattern as a particular case. Anyway the example shows that in a sense, both models performs smilarly and
that, somehow, BSS methods behavior tends to the other.

4. BSSFeatures

As BSS was designed to perform DES scheduling, regardless of special cases, removes will always occur on the first
node, the earliest. Only the presence of auxiliary nodes linked above the event to be removed will make a difference
between this operation and ordinary sorted singly-linked list removals. The deletion of a whole "column of first
nodes' only implies computational effort, but as it never generates segments larger than B in any of the queues, no
logical process needs to be performed afterwards. Thus, being s the span of every segment, only for the first onein
every leve (the most to the left) holds the relation O<s<B, while for all therest, (B/2)<s<B.

If along sequence of insertions is executed, being the time set to every event taken from a uniform distribution, the
gpan of all generated segments will follow a distribution in which most of them will have the value (B/2). The next,
in decreasing proportion, will be (B/2)+1, (B/2)+2, ..., B (see FIGURE 6, experimentally obtained for the case
B=16). But if, rather than taken from a uniform distribution, the times for the events to be inserted were generated
by an algorithm like t=t;+r, being t; the time of the last inserted node, and r aways the same positive value, al
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spans will converge to (B/2). None of these tested evolutions may ever occur in rea applications, but they both give
a clear idea about the way the construction of the structure actually progresses, and likewise of the relation between
the average span of the resulting segments and the incoming events temporal distribution.
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FIGURE 6. BSS Span Distribution FIGURE 7. BSS Supporting Strucure

FIGURE 7 shows the sze of the whole supporting auxiliary structure, measured by the number of auxiliary nodes,
under the hypothetical fact that all spans swerefixed at the same value.

If used for different purposes, in which deletions can take place on any of the nodes, BSS removals might have to be
followed by an insertion to re-establish the relation between segments span s and the bound B, but only if the
removed node was pointed by one or more auxiliary nodes. On the other hand, auxiliary nodes may have to be
removed whenever internal removals make the number of them be more than enough. This problem would increase
the running time, however it isnot frequent in DES over ordinary models.

5. BSSFilling

In real simulations, insertions and removals never occur one absolutdly isolated from the other. Nevertheless, to try a
scheduler under tests where only insertions or only removals occur, but not both, might be enlightening and help to
obtain further conclusions about its behavior.

—+—N=10 -+ N=100 -+ N=1000 + N=10000

O,l”w
§ ool T o, L L
T
§ O,OOl”w
|_
ooooL  &¥—uu—, .,
0,00001 ——+—+—F+—+—+—+—F+—+—+—+—+—+—F+—++—+

1 2 4 8 16 32 64 128 25
B

FIGURE 8. BSSFilling Time

If only insertions occur, for afixed value of B the insertion time should grow logarithmically with the size of the
Queue. This fact was outlined, by the analysis of a similar method in FIGURE 1, and will be approached in more
detail in Section 9. Some insertions may carry out additional insertions (in higher levels) while some other may not,
varying the number of auxiliary insertions between zero and the number of auxiliary queues already in the structure
plus one. This number depends on the span of the segments through which insertions may progress, but neither on
the size, nor on any sort of threshold in the number of events already queued. This is a considerably important BSS
feature, because no response "jumps’ are ever expected.

Even when easy to manage (because of the low number of auxiliary queues and nodes) large values of B will make
the BSS mechanism tend to disappear, and the whole implementation behave just as a sorted sngly-linked list,
increasing therefore the insertion time. Conversaly, as B tends to 2, the mechanism tends to behave quite like the
Binary Searching [6], i.e. the fastest option (even when possible, B=1 will be proved to lead to an impractical
configuration), but an additiona fact arises then, low values of B result in a high number of auxiliary queues and
nodes, with their associated added computational effort. These are the reasons why the best performances are
(experimentally) found to happen for values of B between 4 and 16, for a wide range of Queue sizes (see
FIGURE 8). The number of trials should be aslarge asto let all kind of insertions occur, in order to arrive to results
statisticaly reliable.



6. BSSEmpty

Concerning the number of removals to try in an "only remove" test, the criterion is now to make sure that columns
of every existing height are to be deleted. For afixed value of N, removals are faster as the value of B grows higher
because the number of auxiliary queues, and therefore the density of auxiliary nodes, isinversely related to the value
of B. As B tends to N, removing time tends to the values of the sorted singly-linked list implementation, with no
auxiliary supporting structure above (see FIGURE 9).
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7. BSSHold

The Hold Moddl [4, 8] is the most accepted to test a DES scheduler. It performs "long" sequences of one removal
followed by one insertion where: @) The scheduler must be sufficiently full and, b) The time set to the inserted event
is obtained by addition of a random value to the time read in the just removed event. As a consequence the number
of eventsiskept constant throughout the test.

The interpretation of the Hold tests can be aided by the "only remove" and "only insert” tests done so far. Actually,
the main effects of both tests interact, making the Hold time grow for low values of B, because of the cost
introduced by managing a high number of auxiliary nodes, and also grow for high values of B, because a low
number of auxiliary nodes indeed result (algorithmically) in higher searching times. FIGURE 10 shows these two
factsfor different values of N.

8. BSSvs. Other Priority Queue Implementations

Again under the Hold Moddl, BSS is now confronted to different implementations of DES scheduler. Linear is the
simplest, performing only Sequential Searching over a sorted simply-linked list. It isthe fastest aslong a the number
of eventsiskept very low but it deteriorates as the size of the Queue grows higher.

Implicit Heap is one of the oldest implementation based on a heap-ordered tree [6]. In the tested implementation
nodes are allocated into an array and the traverse through the structure is carried out by smple calculation on the
array index value. After insertions or removals the heap property is reestablished by swapping nodes, just like in the
heapsort sorting algorithm. The value of B has been set to 8 for all BSS trials. Two different ranges of Queue sizes
were tested. FIGURES 11 and 12 show theresults.
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All tests measurements reported in Sections 5., 6., 7 and 8. were performed in a Pentium-MMX PC with 32 Mb of
RAM and a 166 MHz clock, running the operating system Linux (Kerndl v2.0.36). The programming language was
C, and the compiler was gcc v2.7. Neither the "only insert”, nor the "only remove" tests report the "single operation
time", but the whole time taken to either completely fill or empty a BSS Priority Queue instead. On the other hand
all the Hold aoperations reported (and the removal time tests of Section 9) show the average "single operation time".
Sequences of 10° "only insertions' and "only removals’ were timed (using a random time for the notices). For the
Hold operations the BSS Priority Queue was (randomly) filled up to the desired size, then a sequence of 10° Hold
operations was performed to let it reach the steady state and finally another 10° operations were measured and
averaged. Thetimethat algorithms spends in tasks not directly related to insertions or removals has been subtracted.
All random numbers used were taken from the Exponential distribution, obtained as -log(drand48()).

9. BSS Complexity

Let a BSS Priority Queue be formed by h queues, numbered bottom-up from 1 to h, each one of them containing N;
nodes, i=1,2,3,...,h, so that N;=N is the tota number of event nodes. Accepting that all nodes, excepting the event
ones and &l the Headers, hold a span value s;, where i denotes the queue and j the position in the corresponding
queue, the average span valueiss:

h N+l h

s=(2 25)/ 2(N+1)

=2 j=1

In order to estimateitsheight, BSS structure will be thought as to have the average span value, s, for all segments.
Let n; be the number of nodes whose value of t might need to be compared to the one of the node to be inserted, in
every level queue. So that, being N the total number of nodes in the events queue:

n = N+1
Ny = ng/(s+1) = (N+21)/(st1)
Ns = Ny/(s+1)= ny/(s+1)* = (N+1)/(s+1)?

M= Mo /(s+1) = ny/(s+ D)™ = (N+ 1)/(s+ 1)

The highest level queue may be thought as to hold as many nodes as any of the segments, i.e. s, and being the Rear
also susceptible to be checked, (s+1) should be accepted for n,. It then follows that (N+1) = (s+1)" and therefore
h = logs:1 (N+1), that for large values of N goesto h = logs,; N.

As there is no explicit bound on BSS height, to beware of the case s-0, in which the structure would grow
unboundedly, the determination of h deserves further analysis.

For any given N, the maximum possible value of h can be reached if and only if al notices arrive in a proper
sequence. To let such a sequence be effective, once the first B+ 1 natices have arrived, and the first subdivision has
occurred, all the next incoming notices must fall into the same segment, until they fill it completely. Afterwards, the
next incoming notices must also fall into the same segment, until it getsfilled, and so on. The key of the process, is
that not any segment is equally useful to allocate sets of consecutive incoming notices, it is necessary that the
auxiliary nodes consecutively promoted to higher levels also keep falling (while there is still room for this) into the
same segment. And the same criterion holds for dl the following levels. If the arriving notices were scattered all
over the exiging segments, the sequence would not be effective in the sense of letting the structure grow up to its
maximum possible height. Since removals only shorten the segments span, sequences only composed by insertions
will be considered. Two possibilities for an effective sequence will be introduced, one of which will be shown to be
the best.
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FIGURE 13. Most Effective Growing Sequences

The firg one is composed by notices with always increasng time, so every new notice is appended to the
corresponding queue, in every level. FIGURE 13 (a) shows the case for B=3. Conversdly, the second possibility is
made out of notices with a decreasing value of time, being therefore successively added to the top of the
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corresponding queue. For the case of B=3, the whole structure evolves as shown in FIGURE 13 (b). The result is
clear in favor of option (b), and the reason is that, as the segments are divided by the function ceiling((B+1)/2), if B
is odd, after every subdivision the left segment is aways larger than the right one, and to keep inserting into the
largest segment makes the limit of B be sooner overshooted. When B is even, to append notices or to add them to the
top makes no difference. In a sense to always add notices to the top is a sort of idealization, because the value of
time would rarely be indefinitely decreasing for real systems (it could only be so for certain periods). However, as
the only purpose is to determine a bound for the value of h, this sequence is till worth considering. If segments
were divided by function floor() rather than ceiling(), the most effective sequence would have been the one that
appends notices with an increasing value of time.

The eection of the "most effective" arriving sequence (the one that keeps adding to the top) now let us infer the
number of noticesin any level, as afunction of the number in thelevel below. So that:

Nix = (N - (BI2)+1)) / (B/2)+1) i=1,2,.,h-1  if Bisodd.
Na = (N - (B2)) / (BI2)+1) i=1,2,.,h-1  if Biseven.

Where/ denotes theinteger division. Let'shave alook at them for some values of B:

Ni+1 = (N, - 1) B=1
Nir = (N - 1) /2 B=2
Nz = (N -2) /2 B=3
No= (N -2)/3 B=4

These functions, particularly the first one, help to make evident a critical case. If B=1 the structure grows as shown
in FIGURE 14, the number of notices in every auxiliary level is obtained by subtracting 1 to the number in the level
bel ow.

O

N &= S

LastIns FirstIns

FIGURE 14. Decreasing Time Sequences B=1

The consequence is an O(N) searching cost. To approach an O(log N) complexity it is necessary that the size of
every queue results from dividing the size of the queue underneath, by some factor greater than one, what for the
current sequence is shown to happen for B>1. So an important recommendation arises in the sense of discarding the
value of B=1 whenever the worst case insertion cost is attempted to be kept better than O(N) (furthermore 1 was
experimentally proved to be an inefficient value of B).

As N grows higher

(Ni - (B/2)+1)) =(Ni - (B/2)) =N,
The simplification only make sense for B>1, because for B=1 it would turn Ni,;=N;-1 into Ni.;=N;, i.e. an
unbounded growing rule. The Smplification does not seem to be valid in higher levels either, because there N; isin
the order of B. However its application leads to a larger number of nodes in the corresponding level, and being the
current purpose to determine abound for the height of the structure, it can be accepted. Anyway, from now on B will
be considered greater than 1. Thereafter (i.e. upon the smplification),

Ni+1 = N/ ((B/2)+1) i=1,2,...,h-1 if Biseither odd or even and B> 1.

8



Then the structure grows like,

N]_ =N
N, = Ny / ((B/2)+1) = N/ ((B/2)+1)
Ns = N,/ ((B/2)+1) = N/ ((B/2)+1)?

Nu = Nua / (B/2)+1) = N/ (BI2)+1)™

To accept H as the highest occupied level of the structureis just like to accept that no element is allocated in level
H+1. Then the value of H for which H+1 alocates at least one dlement is in fact a bound for the height of a BSS
structure, filled up under the "most effective” sequence, with N nodes, and B>1.

Nis1 = Ny / (BI2+1) = N/((B2+1)"=1 - H=loggggyN

Comparing the average height h to the just determined bound H (i.e. h=l0gs:1 N and H=10gg/2)+1) N) an interesting
observation comes up, in the sense of ratifying a fact already pointed in Section 4: whenever B>1, the value of s will
never be less than B/2. But the most important remark concerns the fact that, if B>1, the average and the bound of a
BSS Priority Queue height, evolve logarithmically on the number of notices queued. TABLE 1 compares
experimental results to the analytical determinations of height. For every pair of N and B shown, h and s are
determined running a program. Thereal value of h is an integer that moves by steps of 1 unit, what makesit hard to
follow by continuous functions like logs:; (N+1) and loggz)+1) N. Anyway the results obtained are satisfactorily
adjusted to thereal ones.

N B S h  logs:yy (N+1) loger)+1y N
1000 2 1338 8 8.135 9.966
1000 4 2678 6 5.305 6.288
1000 8 5424 4 3.714 4.292
1000 16 10564 3 2.822 3.144

10000 2 1338 11 10.845 13.288
10000 4 2677 7 7.074 8.384
10000 8 5532 5 4.908 5.723
10000 16 11217 4 3.680 4.192

TABLE 1. BSS Height Analysis

Throughout the analysis just carried out, the condition of B<<N was implicitly accepted, because as B - N, then
h -0, and the structure istransformed into a sorted singly-linked list, with no BSS mechanism above.

After the height bound analysis, and under knowledge of its average value, the complexity of insertion is now
undertaken. The process always starts by seeking the site to alocate the new node, for which a number of
comparisons has to be donein every level. According to the BSS structure definition, searches will check a number
of nodes between 1 and B+1 in every queue, just because all segments span a value between 0 and B. For a certain
number of searches this number will averageavalues. Then:

C=s [h= S [Jogs.; (N+1) 1<8<B+1

An O(log N) behavior isthen proved for the average insertion cost. Best case occurs whenever the searching path
has to make only one comparison per level, while the worst case corresponds to a path in which B+1 comparisonsin
every queue are necessary. The height of the structure is still h, independently of the path taken by searches. Best
and worst case, out of along sequence of insertions, will then be determined by logs,; (N+1) and (B+ 1) 16gs.; (N+1)
respectively, what isto say that both are a'so O(log N).

The key to assess removals complexity is the height of the column of nodes to be withdrawn in each removal
operation. These columns includes one event notice plus an additional number of auxiliary nodes, that may vary
from O to (h-1). Even though Rears are not removable nodes, in order to approach removal complexity anaysis, to
consider them as if they were, reports an important simplification. Rear columns perfectly look as the result of an
insertion, and, to pretend that they are nodes to be removed only add one more of the most expensive removals.
Under this assumption, a maximum of n;=(N+1) consecutive removals can be performed any time. Out of those,
only (n;-n,) corresponds to columns of height 1, (n,-nz) to columns of height 2, and so on. The average height of the
removed column will then be R:



R = [1[{hy-np)+ 2[(hy-Ng)+ ... +(h-1)[Tnng-ne)+hi(hy)] / ny
R=[nitnytngt ...+ npgtng] /g
R= [1+(st 1) ™+ (st1)%+..+ (st 1) ™+ (st 1)™ = 1+ st - (st 1)

The value of h grows together with N, so that:
limy_.R=lim_,R= (st1)/s

It then follows that the average removal timeis O(1). So in a long sequence of removals, the average height of the

column to be withdrawn does not depend upon the Queue size. This fact is shown in FIGURE 15 for a wide range

of queue sizes (a scope wider than in the rest of the experiments reported was tested just to show that as the size of

the queue grows larger, removal cost does not depend on the queue size).

It's clear though that Ryux = h =10gs.1 (N+1), meaning that, out of a long sequence of removals, worst case is

O(log N).

In areal implementation a different amount of work has to be done to remove event notices nodes than to remove

auxiliary nodes, because:

1) Auxiliary nodes to be removed have to be detected (by unavoidable comparisonsin a bottom-up traverse of the
column).

2) Auxiliary nodes ought to be deall ocated, while event notices nodes are simply returned to the simulator.

Thisis the reason why the work to withdraw a column of nodes will not be proportional to its height. Let's pretend
then that the cost to remove an auxiliary nodeis still 1 unit, and the corresponding cost to remove an event nodeis o
(accepted d<1). Theinitial expression of R will then be transformed into:

R = [0lh-np)+( 0+ 1) [(hy-ng)+ ... +(S+h-2) [Inh.1-np)+( O+h-1) [(hy)] / Ny

And conseguently the final expression (st+1)/s transformed into (ds+1)/s, but clearly the character of O(1) will not
be affected.
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FIGURE 15. BSS Removal Single Time

10. BSS Implementation Guidelines

The BSS Priority Queue structure was devel oped in the C-programming-language. Some features of a program that
supported the present report are commented in this Section.

S S U

FIGURE 16. BSS I nsertion Process

Most of the routines are extremely related to Sequential Searching and need no further analysis or comments. A
process that is worth remarking, because it's critical to obtain a good efficiency level, is the insertion of auxiliary
nodes and queues.
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Whenever a new event insertion is required, searches are launched from the highest auxiliary header and a
Sequential Searching is carried out in every level. While searching progresses, a pointer from every auxiliary
header, called TRAIL, must be set to keep track of the last node whose time was not higher than the time of the node
to be inserted. After the insertion process has reached the lowest level, the set of nodes pointed by TRAIL is
composed by all the left extremes of the segments to which a new auxiliary node may have to eventualy be added.
A maximum of three level queues are involved in the insertion process every time. To clarify this, let's see FIGURE
16 where the headers of the mentioned three queues are pointed by pointers X, Y and Z. Level X (the lowest) will
always exist since, in the worst case, the events level does exist, empty at least. So, X is the level in which an
insertion has actually occurred (either of an event notice, or an auxiliary node). Y and Z may or may not exist, and
the role of each one of them is: for Y to eventually allocate a new auxiliary node and for Z to just modify the
corresponding span in case the insertion of the auxiliary node would have occurred in Y. FIGURE 17 shows an
algorithm suitable to perform this process.

Y =X-UP;
if(YX
++(Y - TRAIL - NEXT - SPAN);
Z=Y -UP;
while(Z{
if(Y 5 TRAIL -NEXT- SPAN > B) add XYZ;
elseregum;
X=X-UP;
Y=Y-UP;
Z=Z-UP;
}
if(Y > TRAIL -NEXT- SPAN > B) add_XY;;
elseregum;
X=X-UP;

}
if(X - SIZE > B) add_X;
rgéum;

FIGURE 17. BSS I nsertion Algorithm

The program enters this code right after an event notice has been inserted in the lowest level Queue and,
consequently, after al TRAIL pointers have been set. Then, it attempts to climb up through the Headers UP links,
and does it until it can't go higher. Functions add_XYZ, add XY and add_X (for which their arguments have been
omitted) takes care of the mechanism of an auxiliary node insertion in level Y (also the creation of Y by add X in
case it would be necessary). The algorithm keeps checking the resulting SPAN of the segments that's been just
updated in the prior iteration, and each one of the three functions performs the insertion under knowledge of the
existing levels, so asadd XY Z knows that after the growth of X, anew auxiliary node will be placed in Y, existing
Z aboveit. And so on.

11. Conclusions

As agood balance of efficiency and implementation simplicity, BSS Priority Queue can perfectly fit the needs of a
DES general purpose scheduler. If searching comparisons are properly coded, the implementation is stable, i.e.
events with the same time value are retrieved in FIFO order. The fact of having a well bounded worst case for
sequences of insertions and removals (better than O(N)) makes BSS also suitable for real-time systems scheduling
applications.

Even though it requires the set of B as an operative parameter, experimental results show that there is a wide range
of Queue sizes for which B can be fixed to the same value, without losing efficiency. In a sense, this reminds of the
well-known Henriksen's structure [4] and its "maximum sublist size" parameter, usually set to 4.

BSS algorithms are easy to program. No resize operation is ever necessary and there's no sector devoted to the
overflow [2]. The construction mechanism and its resulting structure are as simple and clear as to let variations be
attempted.

The considerable difference in favor of BSS Priority Queue, compared to the classical Implicit Heap (FIGURES 10,
11), has encouraged us to extend the scope of experiments and tests. Thus we are currently working on: 1)
Comparison to other implementations under different events temporal distributions and larger sized Queues; 2)
Implementation of other Priority Queue operations, like deletion and time modification of any notice aready
queued; 3) Construction using different types of node, attempting to distinguish and separate events and auxiliary
zones, as much as possible (e.g., a specific type for auxiliary nodes and another, user selected, for the events); 4)
Incluson of a mechanism to adjust the value of B, in execution time, expecting to yield tempora digtribution
independence.
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