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Stochastic models of storage allocation systems

by

C.L. Pippel & R. van Vliet

ABSTRACT

This paper presents a stochastic model of dynamic storage allocation
systems. As an illustration we study an avail list system with and without
garbage collection.

The mean lifetime of the system and the mean time between two subse-
quent occurrences of garbage collection are computed.

These values are only of limited practical use. The actually observed
behaviour of dynamic storage allocation systems may considerably differ
from the theoretical behaviour. This is due to the fact that the variance

of the computed quantities is large.

KEY WORDS & PHRASES: stochastic model, Markov chain, storage allocation,

avail list, garbage collection.
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1. INTRODUCTION

Stochastic techniques are widely used to study the behaviour of operat—
ing systems (c.f. [I], [2]). Another approach is simulation of important
system components. We apply both techniques on dynamic storage allocation
systems.

In chapters 2 and 3 we introduce the principles of a stochastic model.
In chapters 4 and 5 we study two particular systems in detail. Both sto-
chastic and simulation techniques are used to derive important system
quantities. From the simulation it became apparent that small changes in
the load of the system drastically altered the behaviour of it. This effect

is discussed in chapter 6.

2. A DYNAMIC STORAGE ALLOCATION MODEL

In this section we present a model (DSA) in which a number of dynamic

storage allocation systems can be described.

2.1. Definitions

A DSA-gsystem controls a pool of storage, shared by several users. It
consists of
- a storage buffer, in which data can be accommodated
- two routines, called request and return routine (referred to as P, res-—

pectively R).

The buffer is divided into a number of units. Each unit is either oc—
cupied (i.e. some users may have access to that unit to store and read
data) or available (no users may have access to that unit).

The state of a unit is changed from occupied into available by the
return algorithm. The state of a unit is changed from available into oc-
cupied by the request routine. The activation of the request routine is
termed a request. The activation of a return routine is termed a return.

We restrict ourselves by the following assumptions:

- The units are numbered from ! to a; g is the total number of units. All



units are structured identically.
- The user always requests a consecutive number of units. The request rou-

tine P has the following structure. It consists of a sequence of rou-'

tines Pb’Pl""’E& that, when activated, either succeed or fail. When

P is activated it first activates Pb.
the desired number of units to the user. Otherwise P activates P

If P, succeeds, it has allocated
| etc.
When P fails, the system is full.

Eacﬁ lnit that may be allocated to a user by algorithm Pi and not by
Pi—l [if present] is said to belong to level i. In the sequel we indicate
DSA-systems meeting these limitations as leveled-systems.
' The user may request a certain amount of storage by activating the
request routine. This is termed a request. If the desired number of units
is available, then the desired number of units is allocated to the user,
otherwise the system is termed full. A user return units by activating the
return routine. This is termed return. When the system is full some par-
ticular state change will occur. We assume an algorithm PZ in P, which is

activated when Pz_rAfails, and will always succeed.

3. STOCHASTIC MODELS

Leveled systems will be described by a stochastic model. First we

briefly review the theory of Markov chains and then we present this model.

3.1. Markov chains

Consider a system which can be in one of the states of a set

S= {E.}. J° The system behaves discrete in time in an indeterministic

()

manner We represent the state E1 of the system at the time N by E

(N+1)

A system is said to be Markov when E occurs with a certaln pro-

bability p. ik which only depends on E( ) (a11 k € J).

Piy = Pr(E

These quantities are non-negative and satisfy

£



Y p. 1 keS
ieS ik

We call such a system a finite Markov chain when the state space S is fi-
nite. We arrange the conditional probabilities Psy in the form of a tran-

sition matrix [i refers to a row, k to a column]:
(3.1) P = (pij)l,J e S

Because the behaviour of the system is indeterministic the state of

the system at time N is a probability distribution:

W )

keS
Where uéN) is the probability the system is in state k at time N. The
following relation holds between u(N+l) and u(N)
(N+1) _ (N) .
u = z Pir Y (VieS)

. keS

This set of equations can be written in the from of a matrix equa-
tion:

u(N+1) (N)

=P u

As a consequence:

u(N+l) _ P+l 0)

P . u
Define P(?) as the probability of moving from state EJ to the state E in
N steps. From the previous equation it is obvious that the matrix G#N))
N
is P

N,

We study the asymtotic behaviour of u :

THEOREM 3.1. Suppose that all Pi5 > 0 and consider

u(N) = PN . u(o)

(0)

there exists a unique

(™)

Then whatever the values of the elements of u

vector u = (ui) such that each u, > 0 and such that u converges to u

&



as N increases. In fact:

) _ _ N
) - il s 1 -5l
where
§ = min p,.
1]
b  equals the number of states of the system.
PROOF. (Cf. {471, theorem 4.1.) 0

THEOREM 3.2. Central limit theorem. If there exists an integer R such
that piﬁ) >0 for all i,j, Z.e. after R steps every state is accessible
from every other state, then there exists a vector u = (ui) for which
each u, >0 and

ng) - u| s (1—5R)S (all N)
where

_ . (R)
Sp = min P,
1,]

and s 18 the integral part of N . R_l. Moreover
(3.2) u=P ., u
PROOF. (Cf. [4], theorem 4.2.) 0

REWORK. Markov chains, mentioned in the previous theorem are referred to
as ergodic Markov chains. u is said to be the stationary distribution of
the Markov chain. In the sequel we restrict ourselves to finite ergodic
Markov chains.

Instead of (3.2) we may write

(3.3) M,.u=290

where

M is the stochastic matrixz of the Markov chain.

Given a Markov chain with a state space S, a transition matrix P and

&



a stationary distribution u. We derive a sub Markov chain as follows:

Let

and

We define the state space of the subsystem as
T = (Sl,Sz,...,Sn).

We define the transition matrix Q as

. -1
(3.4) Q.= ) Y u. u’ p.
AB keA ieB 1B k1
where

THEOREM 3.3. There exists a stationary distribution for the subsystem. In

particular:

PROOF. We have to prove:

(3.5) Q.u=u
Indeed:
-1
z Qo U, = z z 2 u. u, p. . . U
g AB B Eyeaiep 1 B ki B
= 2 z u, p. .,
keA ieS ki
= z u
keA k
=u, O

We will use this theorem to prove properties about complicated

Markov chains by studying simpler ones.



3.2. The microscopic model

3.2.1. The state space
‘ The state of a leveled system can be characterized by specifying to
which level each of the units belongs. Therefore

let B={i| 1<1ic<a}

let % be the maximum level

let L=+{k| 0<kz=<2}

let S={f :B~>L}=1

L]

B

We establish a [1-1] correspondence between S and the set of pos-
sible states of the system as follows: To a given state of the system a
function f ¢ S corresponds, such that £(i) is the level number of the ith

element of the buffer.

3.2.2, Actions

Request and return are termed actions. When an action occurs the
state of the system changes. A request may be characterized by an inte-
ger 1 < i < a indicating the number of units requested.

Return may be characterized by i and b indicating that the units
b, b+ 1 ... b+ i+ 1 are returned.

Let £ be the current state of the system, Hf(i) denotes the prob-
ability that the next action will be a request of i units. pf(i,b) de-

notes the probability that the next action will be the return of the units

b, b+ 1 ...b+1i-1. Hf(i) and Df(i,b) satisfy the following conditions:
(3.1) - (i) 2 0 Vi, f
(3.2) —pf(i,b) 20 Vi,b,f
a a a
(3.3) ) (i) + Y ) eg(ib) =1 VE
i=1 f£=1 i=1

3.2.3. The system
An action changes the state of the system. State transitions may be
represented by the following matrices:

[we assume fl,f2 e S]



- Pf £ (i) =1 if a request of i units changes the state from

172
f2 to fl'

0 otherwise.

- Rf £ (i,b) = 1 if a return of i units starting at b changes the

12 state from f2 into,f

0 otherwise. 1
As mentioned before P consists of a sequence of routines {PO’PI""’P2}°
At each request the routines are activated sequentially as necessary. Thus
either P

is activated only or P ,P, are activated or PO’PI""’PU

0 01
(0.2 v £ ). The routines PO’PI"" usually require an increasing amount
of time. Which is the highest routine activated in a given state is a ques-

tion of great importance. Therefore we introduce additional matrices:

DEFINITION.

be(i) = 1] if a request in state £ of i units activates the

routines P ...Pv and not‘Pv+1. [This will be called

0
a recovery of type v.]

As a consequence of the algorithm P being completely determimnistic:

be(i) = 1.

i~

v=0

DEFINITION. The recovery matrix Y.

Let Yv be the probability that in state f a recovery of type v occurs

£
at the next transition.

a
va = izl Hf(i)va(i)

For ergodic systems we add:

DEFINITION. Stationary distribution u

u = {ucle o

DEFINITION. Yv

Yv is the probability that at the next transition a recovery of type v



OCCurs:

Finally we compute the transition matrix W

Weg =PriB =f [ E _, =1f)}

ifa
W = )y n. (i) P . (i) + p. (i,b) R_ . (i,b)
£f2 51 B 15, i=1 p=1 I2 £15,

From (3.1), (3.2), (3.3) we derive:

waf=1 Vi, €S

fles 172

3.3. The macroscopic model

In the previous section we described in detail the principles of our
model. It should be clear that this model is not suitable for the follow-

ing reasons:

. . a .
~ even in small systems the number of states is very large [(2+1) ]. This
makes practical calculations cumbersome or even impossible.

- The probability functions II and p are difficult to estimate.

Moreover, we are mainly interested in the quantities Yv, since these quan-
tities indicate the practical performance of the system. As described in 3.1
we derive from the microscopic system a macroscopic system by taking sev-—
eral states together. The state f of the new system can be represented by

a sequence of £ numbers:

£' = [f_,f f ]

0°7177 7" -1

f' corresponds to a set Hf of old states. Each element of this set has fO
units in level O, f1 units in level 1, etc. We have to change all other

quantities accordingly:



-mi(i) = ) m.(i)
£ fer £

a
._p%l(i) = z z pfv(i’b)
f'er b=1

Note that we omit the second parameter of p' since thé exact position of
the returned units in the buffer is no longer of any interest for our
system.

The new matrices P', R', V' must be constructed from the algorithms
P and R. This is usually done by heuristic techniques, which we will not
describe here. As mentioned before we define

- the transition matrix

a a
W'v 1 = z n.,(i) P'| (1) + 2 Pper (i) R'v v(i)
L R £155 i=1 I £15,

-~ the recovery matrix

a
' N = » T -
val izl Hf!(l) val(l)

the statiomary distribution

[ - ' T
Yv fz, Ugr va'

In the sequel we will omit the primes.

4. THE AVAIL LIST SYSTEM

4.1. Introduction

As a first example we treat an avail list system [al-system]. An al-
system has a buffer of a units numbered from 1 up to and including a. Each

unit is either free or occupied. In such a system we have only two levels.

£



10

The units in level zero are termed free. The units in level one are termed

"occupied. According to chapter (3.3) we indicate the state of the system by:
(i1 - 0<ic<a

Usually the user will not bother about the state of the buffer doing
requests and returns as he likes. Of course, when the number of occupied
units becomes small, the probability that the next action will be a return
diminishes. In general we may assume that Hf(i) and pf(i) are independent
of f] but some kind of reflection is involved at the bound of an empty buf~
fer. When the system is large the exact form of the boundary condition does
not seriously influence the behaviour of the system. As a further simplifi-

cation we assume that only one unit is requested or returned at a time.

Hence:
Hf(l) = p i=1
Hf(i) =0 otherwise
pf(i) =7 i=1
pf(i) =0 otherwise
p+tr=1,

Note:

The boundary condition for a return when the buffer is empty will be
brought in by assuming that the return routine leaves the state of the buf-
fer un&hanged in this situation. This means that in state [0] there is a
probability r that at the next action "nothing" will happen. This assump-
tion violates our definition of action.

When the system is full the system changes to [1i] with a probability

A
=
N
[\

a
L 8. =1 0
i=0

This completes our model of al-systems.

For future use we introduce

Intuitively one would expect z = 1. For over a long period z equals:

&
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the number of returns / the number of requests.

However, the number of returns is not necessarily equal to the units
actually returned. On the one hand we allow a return when the buffer is
empty without actually returning a unit and on the other hand extra units
are returned when the buffer is full. [In the latter case information

moved to some backing storage.]

4.2. The stationary distribution

- Fig. (4.1) diagrams the state transitions involved in an al-system.

Fig. 4.1

We indicate the stationary distribution of an al-system by
a
u=tugtiog

where u, is the probability of being in state [i]. The stationary distribu-

. a . .
tion u = {u.}, is a solution of:
1" 1=0

(pFr) g =ru 4 pu +6; Py,
4.1 =
( ) (p+r) u, Trou +ru_ + Sa P u,
(ptr) U, =pu, tp Gouo
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This yields the following stochastic matrix:

P60

(4.2) M.u =0

~-(p+r)

p61+r

p
-(p+r)

P

-(p+r)

~(p+r)

P

~(p+r) P
r -p

As the equation is homogeneous and we know that a one-dimensional

nontrivial solution exists [the system being ergodic], we may assume

ul = 1

0

Of course we have to normalize later.

Let

12‘ i
W = z
k420
W =0
LEMMA. el
u! = W -
L =

PROOF, (by induction to k)

k=20

Assume that we have verified this solution for Uy .

“.3) W,

= (2 -z W,

8 We-1-1

= ] =

%

~1

W

0

v
o

A
o

1

..,ué. Observe that



From the induction hypothesis and (4.3) we derive:

' -

= -1 - L - 1
(ptr).p ug T TP U, - 8 up

k-z
)

i=0

8

...Gk

U+l
k-1 \ -1
= (1+2) (Wk - L W) (wk—-l B
1i=0
_ -
= (1+z)Wk z Wk—l
k-1 -1 k~2z
S Qw2) oS Wy te o LS W, m 8
i=0 i=0
' k-1 ( -1
= ey~ L S (R - e Wk—2—i>
i=0
K
= Werp T Z 8; Wi 0
i=0

These values of ui still must be normalized.

Let

)
s = u!
i=0 *

The normalized solution of (4.1) is:

u = u S

1 1
a k-1

_ (.. _ \

o kZO Ve i=2=0 % Me-1-1)
i P

- W - s, W ..
k=0 X k=0 i=o0 @ k7171
L

= W - I W
k=0 & j=0 ! k=0 X
Foe (5w -y

S (3 -
i=0 > \k=0 K g0 K

13

\
% Me2-i) ~ % Yo
"o
"o
a
lusing )} &, = 1]
i=0
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Let .
? a—i—l
(4.4) t. = W - W
o0 K k=0 K
Then
a
(4.5) s = iZO 8, t;
Two cases arise:
z=1 a a-1-1
t, = Yoo(k+1) = ) (k+1)
k=0 k=0
= 3(a+1)(a+2) ~ }(a-i)(a-i+l)
(4.6.1) = 1(i+1)(2a+2-1)
z 7 1 a k+1 a-1-i k+1
£, = 2 - 2 z 1 - VA
i k=0 1 ~ 2z =0 1 - 2z
a+2 a-i+l .
- 4+ 1
(4.6.2) =z % + T
(1_2)2 (1-z)
Finally we arrive at:
z=1 k-1 a -1
u = ((k+1) - 2 Gi (k—i)).( 2 8, (i+1)(2a+2-1i). 0.5)
i=0 i=0 1
4.7)
z7 1 k+1 k-1 k-1 a a+2 a-i+l -1
u (1 -z _ z 5 1 -z \ / z 5. z z i-kl\
k 1 -2z 520 i 1 =2z } \1=0 i | - z2 1 —z}

where u = {uk}i=0 is a solution of (4.1).

4.3. The mean recurrence time full (Tf)

To simpify the forms of this section we assume that

8. 0 i#d
(4.8) L 0<d<a

Gd 1

(]

Fe



15

The quantity we are interested in is Yl, i.e. the probability that the
system will be full at the next action. Let 1y be the mean recurrence time
of full. t

f
times the system is full,

equals the average number of actions between two consecutive

- -1
Tf = (p‘uo)

according to (4.6), (4.7):

T (d+1)(2a+2-d) z = 1

f

' (za+2 - za+l_d + d + 1)(2 + 1)
f (1_2)2 (1-2) z

d equals the number of units released when the system is full,

(4.9)

~
L]

Table (8.1.4) quotes some values of Tge

T, is a function of d, z and a. In the next chapters we consider Tf

f ,
as a function of d, z and a respectively.

4.3,.1. Tf(Z)
Table (8.1.4) shows that Tf(Z) heavily depends on the value of z.

The relative fluctuation in z is:

zZ = 2

0

20

The relative fluctuation in Tf(ZO) is:

Tf(z) - Tf(ZO)

Tf(Zo)
Between these quantities the following relation holds approximately:

Tf(z) - Tf(zo) _ TE(ZO) z -z,

== - Z At s et
Tf(zo) Tf(ZO) 0 z,
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Let 1'(z.)
alzy) = f( O) %0
AN

Observe that:

tp(z) = 221 Lt (2)
1'(z) = z*1 t!(z) -4 t. (z)
£ z 0 z2 0
T%(Z) _ té(z) ) |
Tf(z) - to(z) z(z+1)
Hence Ct'(z2)
(z.) = -2 R T
429 t,(2) %0 (zy* D
For zg = 1 this yields:
to(l) = [(d+1)(2a+2-d)
£1(1) = ((e1+2)zevl:~'-1 - (a1+d+l)za_d - aza+2 + (a-—d-—])aﬁ"l_d + (d+l)(l—z)>
0

(1-2)>

Using the theorem of 1'Hopital three times:
té(l) = ((a+2)(a+1)a - (a—d+l)(a—d)(a—d—])> / 6

As a consequence:

_ (a+2)(atl)a - (a-d+1)(a-d)(a—d-1) 1

1
(1 (d+1)(2a+2-d) 2

W

We consider some special cases:

d =0 a(l)

3 (a-1)

ba - 4

d=a a(l)
Fluctuations in z cause fluctuations in Tf(Z) amplified by a factor
a(z). To clarify the implication we quote some results:
a = 100 d=0 z = 1 a(l) = 50

A fluctuation of 17 in z causes a fluctuation of 50% in Tf(z)

&
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a = 100 d = 100 z =1 a(l) = 33

A fluctuation of 1% in z causes a fluctuation of 337 in Tf(z).
[These results only indicate the order of magnitude; table (8.1.5) quotes

some values.]

4.3.2. Tf(d)

When the buffer is full, d units are made available again. Of course,
when this number increases the mean recurrence time of full will increase
and will be maximal if d = a.

To illustrate the behaviour of Tf(d) we solve the equation:
ZTf(d) = Tf(a)

Three cases arise:

z << 1 We omit all exponents of z
2(d+1) = a + 1
d = j(a-1)
z = | 2(d+1)(2a+2-d) = (a+1)(a+2)

242 - 2(2a+1)d + 2’ —a -2 = ¢

d R 1(2a+1) - 1/2(a+1})

d ®0.3a
z >> 1 We only take into account the exponents
at+l-d a+2
2z =z
Zz—(d+1) -1
~ 1n2
d Toz ~ 1

In the common case Z ~ 1 these calculations are of practical importance. It
shows that the recurrence time of full is already half of its maximum when

only thirty percent of the buffer is empty.
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5. SYSTEMS WITH GARBAGE COLLECTION

In the previous chapter we have treated the avail list system. All
units returned to the system can be recognized immediately as available.
All available units belong to one level. In many systems the units return-
ed to the system are set aside for a while. They are recollected when need
arises. The process of recollection is called garbage collection (gc). The
available units in these systems can be recognized asbelonging todifferent
levels. The units of level zero can be recognized as available immediately.
Units set aside for a while belong to higher levels. They are recollected
by some process of garbage collection. As an example we treat the follow-
ing system.

The units of the system are numbered from 1 up to and including a.

Units belong to one of the following levels:

0 free can be recognized as available immediately
1 semi-free - can be recognized as free after garbage collection
2 occupied

We requeét the state of the buffer by a pair
[s,£]

where:
f denotes the number of units in level zero

s denotes the number of units in level one
The number of occupied units equals
a - (f+s)

The request routine P behaves as follows: Pb searches for units in level

zero, If the requested number of units is not present, P] is called. Pl adds
the units of level one to level zero. If the requested number of units is
not present in level zero the system is full and P2 is called. E& adds d
units from level 2 to level zero.

0<d<a

The return algorithm adds the returned units to level one. As in the

£
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~

previous chapter we consider p.q as the probability a request respectively

return occurs.,

5.1. The stationary distribution

Fig. (5.1) diagrams the state transitions involved in the system:

Fig. (5.1)
Let {u. . }. . denote the stationary distribution.
ik’i,k

Let
0<d<a

Let
Adi = 1 d =1
A,. =0 otherwise
di

{uik} satisfies the following equations:

(5.1.1) ug =T ui—lki'P U (0<izga, O<k<a)
(5.1.2) ug s ST U + (l—p)ui ami (0<i<a)
(5.1.3) Uy =P Uge + PU:iig + Adi PYg, (0<i<a)

(5.1.4) Uy, T (l—p)uOa + Ada PUy,
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We arrange the components of the stationary distribution as depicted in
fig. (5.2)

14
L) L
9 13
£ d—ep» ° ®
5 8 12

® ® ° ®

2 4 7 1"

® ° ® ® )

0 1 3 6 10
——————

Fig. (5.2)

In fact we renumber the state of the system:
[i,k] » [4(i+1)(i+k+1) + k]

The stochastic matrix M takes the following form:



s PRIACTIT | DY

o

10

11

12

13

14

-(ptr)

r

P

-(p+r)

-(p+r)

P

=(ptr)

-(p+r)

=(p+r)

P

-(p+r)

-(ptr)

~-(pt+r)

-(p+r)

10

P

I 12 13 14
P
P
P
P
P
P
P

P

¥4
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The stationary distribution u is a solution of

(5.2) M. u=20.

YO(i,k) = p i>0

= 0 i=0
Yl(i,k)=0 i>0, k>0

= p 1=0, 0<k<a

=0 i=0, k=20
Y2(i,k) = p 1i=0, k=20

=0 otherwise

We ave interested in Y, - the probability that ge occurs at the next action

1

= and Y2 -~ the probébility that the system will be full at the next action.

i0

5.2. Approximation of the stationary distribution

5.2.1. Stop criteria

The stationary distribution is a solution of
(5.3 M.u=0

where M is defined in (5.2). As we do not know a method to solve these
equations analytically we developed some algorithms to solve them numer-
ically. These algorithms are iterative in nature. A problem of an iterative
process is does it converge and when must it be stopped. The following stop

criteria turned out to work satisfactorily:
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1. Let
v.= J w..
I k=g MK
v. is the probability that j units are available. Evidently vj satisfies
equation (4.1). Also

v, = Uu

0 00

This yields our first criterium:

a+2 a+l-d
-1 z -2 d + 1
u = + z # 1
. 00 (l—z)z 1 z
= {(2a+2-d) (d+1) z = 1

2. Define a state

a
(X1 = { U [i,O]}

i=0

The system is in state [X] when it is in one of the states [i,0]

(0<i<a). The probability of being in the state X equals

§
u = U-l L]
X 5120 10

The probability of leaving this state [i.e. the probability that gc

or full occurs] equals

The mean number of actions between two consecutive occurrences of gar-

bage collection or full tg equals

u a u,
t = (_gg . (d+1) + _10 i) P—l
& Ux i=1 Y%
Clearly
u t =1
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This yields criteria 2:

a
u00(§+1) + .Z ug - i= 1.

i=1
3. Define a state
a
[Y] = { U [O,i]}
i=0
Let
a
u, = Z u.,
Y 120 01

When the system is steady the probability of leaving state x equals the

probability of entering the state Y. This implies:
lug=uy,) = pluygmug)

This yields criteria 3:

Ux 7 %00 _
u = UA, =2
Y Oa

In the next chapters we discuss the algorithms.

5.2.2. Repeated multiplication with the transition matrix

We use the fact that the stationary distribution u equals to

u = lim u(n) = lim PN u(O)
u->o Nooo
where u(o) is arbitrary, but normalized.

The algorithm is [cf. 8.1.17:

step 1 store the initialization distribution u(o) into
array f.
step 2 while criterium 1 on £ does not hold

do multiply f by Pz.

The multiplication with P is executed by the procedure trans
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5.2.3. A numerical approach

In program 8.1.2 we solve equation (5.3) by using the following itera-
tive process: From a distribution over the states [0,i] 0 £ i £ a we can
compute the distribution over all other states [i,k]. Looking at picture
(5.1) we compute the distribution column by column from left to right and
in each column from top to bottom. From an initial distribution

(

(0) . . . . 0)
{uOk }k 0 £ k £ awe first compute the complete distribution {uik }i,k'

Then we find our next iterant from the equations:

)y _ _ (N-1) =
(5.4) 1 uy, = puo’O d=a
N N-1
ny _ _ w=-1) - (N-1)
(5-5) 2 up" = pug au) Y PULe1 Y 244 PY0L0
When uiui = uiuil) these equations hold.
2 3

To eliminate exponential decrease or increase of our iterant we renor-

malize the new iterant dividing it by
Loug

After each iteration criterium 1 is applied.

In the program we use array y[0:al] to store the current iterant:

)

ylil = Uy, a-i

In the beginning of each iteration the array y is copied into c¢. Now the

columns are computed:

1 Let column i be computed. Then ¢ equals
cla=i-k] = u, 0 <k < a-i
ik
- = < <
cla-k] U0 0<k<i

To compute c we use the statements:

(5.6) c[0] := zc[1]



26

(5.7) clkl = (clk-i] + z * c[k-1]) / (z+1)

(5.6) and (5.7) are derived from (5.1.2) and (5.1.1) respective-
ly. After the columns have been computed this yields:

cla~k] = ukO 0 <k < a

Using equations (5.4) and (5.5) we compute the next iteraut.
3 If criteria 1 does not hold 'the process is repeated.
Note:
The table quoting the mean recurrence time of the states [f,s] are

organized as follows:

5.3. Simulation program

Prog. (8.1.3) simulates a system with garbage collection. Each action
is either a return or a request of one unit. The state of the simulated sys—

tem is stored in the variables f and s. F, respectively s, denotes the num-
ber of units of the free, respectively semi-free, units. At the beginning

of each run they are initialized as:

At each action random is called to determine whether this action will be a
request or a return. The number of actions per simulated run is indicated

by 1t.

6. DEVIATION OF THE AVERAGE

In the previous chapters we were interested in the average behaviour of

some storage allocation systems. In this chapter we pay attention to the de-

&
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viation from the average. We restrict ourselves to the al-system.

We found already that the recurrence time of full equals

/ a+2 atri-d
z -z

L4+ 1\ z+ 1

0= T (152 T-z) z (z#1)
= (d+1)(2a+2-d) s = 1
where
a the number of units of the system
d the number of units made available when the system
is full

z=r.p r: probability of a return of one block

p: probability of a request of one block

(i1 0 < i < a represents the state of the system. In state [i] i units are
available. We add one auxiliar state [-1] to the system. The actions of the
system are numbered such that the system is full at the zeroth action. Ini-

(™)

tially the system is in state [d]. Let v be the probability that the

first time the system is full again at the Nth action (N>0). Clearly:
1 =3 i.oW®
(2) 7 oW o
i=1

As we only are interested in the first occurrence of full we discard the

behaviour of the system after this first occurrence. This is achieved by

entering the system in [-1] when the system is full. Let (u£U))?=—l be the

probability that the system is in state i after u actions.

(6.1) initially: u ") = 0 i4d
u(o)=1 1 =d

d
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The following equations determine the behaviour of the system:

W9 4 D o )

oD« ¢
(6.2) (N (N-1

o ) _ pu! )

W0 = (D (D)
Clearly ’

RONIRIN
Let

N
. Yy oot
i=1

7" can be calculated from equations 6.2 using the initial distribution 6.1.
The model given above reflects the classical one-dimensional random
walk problem with an absorbing and a reflecting state. In the limit a » «

an analytic expression for v(u) is known (cf. [4], ch. 3.7., p.132):

,(2i%d+1) (<Zifd) _ /2;+d>) ,~(2i+d+1) i=1,2,3,...
- i \ i-1

=0 otherwise

Results:

(N)

In the figures of chapter 8.2 V is plotted against N. The average

is indicated by a x.

Fig. 8.2.1 shows the curves the highest one corresponds to
a=16 d=20 z =1

The next one corresponds to
a= 32 d=0 z = 1

The third one corresponds to

a=w d =0 z =1

Fig 8.2.2 shows curves of systems with

a = 48 d = 48 z = 0.80, 0.90, 1.00
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Fig. 8.2.3 shows curves of systems with

a =48 z =1 d =0, 12, 24, 36, 48.

7. FINAL REMARKS

From the preceding chapters two conclusions must be drawn:

- The behaviour of the systems described heavily depends on the value of z,
i.e. the ratio of the probabilities of request and return. Fluctuations of
0.5 percent in z may cause changes of about fifty percent in important
system quantities as the mean recurrence time of full and garbage collec~
tion. In an actual DSA-system changes of several percent in z are not ex-
ceptional. This makes each short time prediction about the occurrences of
full and garbage collection impossible.

~ We derived the mean recurrence time of full as a function of z. In chapter
5 we showed that the mean recurrence time of full is an average of a very
large distribution. The distribution is so large that no practical sys-
tem will ever execute enough actions to guarantee that the average re-
currence time of full is in accordance with the theoretical value. To
quote data:

We simulate a small al-system with 48 units. After 60,000 actions we

found deviations of more than 25% from the theoretical value [ef.ch.8.1.3].
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8. APPENDIX

8.1, Programs
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8.1.1.
[cf. ch. 5.2.2]

254674- 15 B 2355F .U CLP PPEL

8 233%9F.G,CL P.PPEL,R5],TLSN

TREG Y
1 tCOnn T
2 TH, S PROGRAM COMPUTES THE STAT!ONARY DlSTRlBl}'{ION OF A DSA«SYSTEM
3 W oTr GARBAGE COLLECTIOM BY REPEATED MULTIPLICATION OF THE STOCHASTIC MATR(X}
4 PANTY a,UXIT,08
> thELL' PL,Q,R,Z,EPS;
2 CPROT! H{S5,%) 3 "STRINGY S3'RIALY N
,‘ 'u‘t‘(‘; "I‘
4 itsREAD S
o HLUERGPRINTTEXT(S) ; TABIABSY XT(4,3,N);
bt) yED
-~ VR ROCY CUT(S,N)PSTR NG S3YREAL' N3
. tle, MY
SHLORG P?«N*TEXT(S),TAJ,nﬂsF XT(4,3,N);
thNE 0
T £
- PN AT L W) SN, D) aNENZY 2 INCTON , C) P IN(TMAXITY , MAXIT)  IN("EPSH,EPS) ]}
v 2z _=a)/{1+2);
] Rizia®;
" LT O
B YREALYPARY FLG(055,0:4);
AL FraGLr FLiPY
2 Pt LK, PT,NER, (T
3 tRZALY S,50M,FE,D1F,GT,SX;
A TEROCY TRANS;
2.) l}.;(,,-.v
; FL Piz~FLIP;
ey TIFY FLIP
23 YTHENS
a9 'REGINY
1 1FORY KiImQ *STEPY 1 'UNTIL' 4A=] '00?
T3 FlOsK)2PaGI3,K+1)+PaGK+1,0]¢Q506(0,K}}
S22 FlO,uli=(1=P)aG(0,A]);
34 Fle,ni:=F(d,0l+PsG[0,0];
T fFGRY 321 1gTEpr 4 1puTILY A DO
) 1HEG (N
7 YFORY Ki=( tSTEPY 1 fUNTIL! A=l 100!
e Fl.,K1:=RaG{Iw_ ,K)+P8G[1,K+1]1+Q2G[1,K]);
e FltyAatlta(i=PYaGll,Am i J4RAGL i =1 ,A=1]}
13 VEND Y
¥ YETID
LEA TELSE!Y
i TEi Gl
o IFUR! k:"G 'ST"P' 1 PUNT i A 1 |Dov
[ . GlLsK):zpas [N, ,Ka1l+PsF{K+1,0)+QaF(0,K]);
o Hl0,Ali=(1-P)aF[0,4);
- N =60, DY+PeF 6,015
- YEQRY Ltz *STIPY 1 TYNTILY A DO
€y PREG, N
6 tFORY K= 'STER!' 2 'WUNT L' A=-1=1 ‘DO!
3] Gli,K11sReF { 1=, ,K]+PaF{i,K+l]+QeF[1,K]}
5 Glisam J12(1=P)RF{1,8={)+RaF[ =1,A~1];
& VENLY
“3 *EAIL Y
ER TR
55 P70, "o (A+2)0(Pw2);
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2504674~ 15 B 2355F .0 CLPiPPEL

50 Si='.F* Zaiy 'THEN' 0,5&#(D+1)e(2#A=D4+2)
&7 *ELSE' (Zes(A+2)-Z#a(A+1=D))/(Z~1)ue2 = (D+1)/(2Z-1)}
=4 FE:=1/53

59 tFOR' 130 '"STEP' 1 '"UNTIL' A DO

&0 TEGRY Kiaf) TSTEPY 1 YUNT L' A=l 'DO' FLI1,K)t=i/PT}
&1 IT:=03D'Fi=1;FLIP{a"TRUE";

£ * 'FOR' NEPI=(
£3 YWHILE! ABS(DIF)3ERS  IT<IAXIT 'DO!
ra TBEG.NT.

I3 Tz Tels

s TRANSJTRANS

. D ¥is(F{0,0]=FE)/FE;

) CrEnfer

&Y N PaGE

75 PR NTTEXT("RECURRENCE TIME QF [8,F)")}
. NLCR;

72 TFQRt 10 'STEPY g 'UNTILY A DOV

3 . tBEG N

™ MR

g TFORY K330 'STEP! 1 'UNTIL' A=] DO’
RES tBEGINY

= CAFY F(1,¥150.0001

i *THENY ABSF‘XT(“;l:l/F[lJK))
iy tELSEY PRINTTEXT(" suvens ")}
“ TEND?

My YERGY G

Vi sxi1=0;

M3 1tFOR® =0 'STEP* 4 'UNTIL' A 1DO°

Ha SXizS5X+F 11,0}

25 5TIE03

Ho GTIEF[T,0)e(nel));

R 'iIORY izl 'STEPY 1 'UNTILY A 'DOY

Ao GT:=GT+F{1,0)8,3

EF GTIRGT/(SXeP)

Qi) Hew PaGE;

E3 DUTCH I TERATIONSY , 281 7)Y

%2 SuT("&FL ERROR™,DIF);

a3 QUT(MHNEAN RT [U,01",1/F10,03)3

94 QUTEYME AL RT [0,DY1",2/F (0,01

s QUF(TMEAN RT de¢v,aT)y

6 DUT("PROBABILITY GC",SXaP);

27 QUTLHEROULECTH, GTaSX8P);

REY LN N S TR

Iy PIFY RIADD(Q *THEN?
LN 136G
JeEY MEW PAGE;
ng GOTOY NEXTS
w3 LS TP R

~ud 1E1D Y
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250674« 415 B 2355F.0 CLP:PPEL
A l10.300
o .ot
b4 1.000
o] .0u9
MAX: T 250.000

.Qus



250674~ 15 B 2355F.0 CLPIPPEL @
RECURRENCE TIME OF [S,F]

65.9 80.7 98.0 115,56 i32.8 149.9 166.6 182.8 198.3 2i3.4 229.8 a52.7 298,2 447,33 aseaes

1 “3,1
¢, 5 4,9 75.9 93.6 111.5 129,2  140,7 163.9 i180.,7 197.4 214.6 233.9 258.8 296,2 357,8 4472
16,6 /3.9 86.9 107.2 125.4 143.4 161.,1 178.,5 196,1 214,3 234,3 258,0 287.7 324.0 357.7
Ao, 8 63,9 02,7 121.4  139,9  4158.1 176,14 194,2 242.,8 232.8 254.9 279,4 3n4,B  324,0
L. H ¥7.7 17,0 36,1 154.8  173,3  191,8 210.7 230.,3 250.8 271.9 291,85 304,7
£5,0 212.3 32,0 151.3  17¢0.2 189,14  208,0 227.2 246,5 265.2 281.3 291.4
il 27,5 147,48 166.8 186,90 204.9 223.7 242,0 259.,0 273.0 281,3
16,2 _~s 1 n63.1 i82.6  20L.6. 220,0  237.6 253.3 265,8 272.9
Sl n 199.0 178,8  198.0 216,2 233.2 248,00 259.4 265,7
LRI 174.8 194,141 212.2 2v8.8 242,9 25%35,5 259.3 .
“69.5  L¥0.0 208,10 2244 233,04 24B,0 293.5 oo
thAL 2U3.9 219.9  2R3.,2 242,9 248.0
7.2 213.5 p2d.,8 237,99 242,18
29,3 243.9  233,1  237.9
2-9.9 22,4 r33.1
273,07 243.4
273,7
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I TERAT I 0OMS

REL EREOR

MEaN RT [0,0]
MEAn RT (0,D)
MEar RY 3¢
PRIY.I-L.TY 6l
PRUNULT

B 2355F .0 CLpP:ipPPEL

294,000
.005
17.083
17.083
b.541
117
1.000

35
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8.1.2.
[cf. ch. 5.2.3]

2lic 4= 35 A 2355F .0 CLP PPEL
A2lnoF . 0,CL P PPEL

UEFL R
VLOAMENT

2 TH.S PROGRAM COMPUTES THRE STATIONARY DISTR!BUTION OF A DSA=SYSTEM
s W TH G.RDAGE COLLFCT OMN,USING A METHOD OF SUCCESSIVE |ITERATIONS}
" tHLaLt 2,P,0,R,EPS; :
o) YTy A, 7,035
o PPROCY iN(S,N)} "STRINGIYS}'REAL'NS
; vaEC MY
S MHisHeADS
o WLCRGPRINTTEXT(S); TA33ABSF 1 XT(4,3,N);
G tENUY S
- TPANCY QUT(S,N)I'STRINGYS}'REAL NG
¢ 1oEG Ny .
3 CHULCRGPRINTYEXT(S)TABIFIXT(4,3,N);
Sy YRGS
B oxTe
) MAM AT LAY IN(Z, ) N L, O S INCT I TR, I T) S IN(YERS" ,EPS )} INC"D",D)
S piz{ =0)/(2+1);Rin2epP}
3 LN TA R R
K PNTY LK, STEP;
k] PREALY S§,ER,SUM,STH,SX,FX,GR,U0D,8Y,0QU;
nz REALYTARRAYY C,Y[03A);
al PEROCY MNEW(COL,N);*VaL' N 'REAL''ARRAY' COL;YINTIN;
3 THEG . N?
- PINTY K3
Y COL{U)i=zeCcOLIL)} ]
u tFORY K=l 'STEPY 4 'UNTILY N DOF ]
. COL[K)TB(COL[K=1])+Z8COLIK+1))/(242);
3 1EnD g
) PRIALYITPROCY DAGIN) P INTYNS
y CAEG . MY
¢ ’ TREALVIPROC! DGIP) ;1 INT'P;
P HGiz?1FY Zzd
33 'THENY Pel
Th YELSEY (Zea(P+l)=1)/(2=1)}
3% DiAG:a(YIFIN SLE! D
) . YTHEM?® DG(N)
ki YELSEY Zae(N=D)®#DG(D)
i) )/S;
"y tEND Y
“ 0 Si=':F*t Z'NE*]
R YTHEN (Zae(A+2) = Zoa(A+1=D))/(2=1)a82 = (Dsl)}/(2Z=1)
ez *ELSE' .S58 (Del)e(28A-Da2) 3 . . S
3 T O'FORY 120 'STEPY 4 TUNT L' A DO
14 ¥law )e=DtAGLiI) /(' +1);
43 ER:zlg
g TFORYKe=1,Ke1l 'WH!LE!' K<ITa ABS(ER)SEPS DO
W7 TBEG N -
.3 T g
wy STCPiaK}
- TFORY 13=0 *STEPY 1 YUNTIL® A 'DO°* Clilsmy[1])}
e suis0;
o TFOR' ilzAw=i 'STEP? «f 'UNTIL®' 0 *DO!?
= *BEGN? L .
oy llNT'K; -
=3 TFORY Kzl 'STEP' 1 YUNTIL' 1+1 'pO' SUM:eSUM+CIK]}
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[AN]

s
32

oo

-«
~

Pa el

PO J o .'_
S T S

35 A 2355F .0 CLPIPPEL

NEW(C, 1)}
VEND Y}
SUiItIsSUMLCINY;
STHi=v[A]#5;
ERIE(STHASUM) /§TIH}
Y{3)is('iF' D=a "THENY 1 'ELSEY Q)eY[A);
*FOR' 13zl 'STEP' 1 YUNTIL' A 'DO!

vIit}is(Y{tel]eClieilaoY[A}8(1IF? DzAwl 'THEN']

tENDY
tFOR' 1= *STEPY 1 TUNTILY A 'DOY
vl Yi=v{i)/suM;
udD =Y [A=D]
sibw PAGE;
PRINTTEXT(*MEAN RECURRENCE T!ME OF [S,Fl")}
NLOR; :
tEORY 133A1STEPYa1 TUNTILY 0 *DO?
18.GINY
clidsavl];
YIFY CE1)'NELD
ATHENY ABSFIXT(4,1,1/C11))
YELSE' PRINTTEXT(" sswssas ")
rEisD v}
IFOR' 13:2AL1'STEP'w1'UNTILI('DOY
1BEGINY
PAINTIK;
HEW(C,1) 3
NLCR; NLCR;
'FORY Kizl 'STEP' =1 'UNTILY 0 *DOY
tIFY CIK)INED
YTHEN! ABSFIXT(4,1,1/€C[K))
TELSEY PRINTTEXT(" ssssse ");
CEND Y}
SXizy;

tFORY 13aD "STEP? L 'UNTIiL® A DO’ BXia8X+Cl1]);

SY:;=73

TFOR* 180" *STEP?! 1 'UNTIL? A 1DO' SY:izSYeY[!];

CU:BISX~C[A))/(SY=Y(0))}
GHI=C[A)e(D*1);

TELSE'0))/(2+1)3

'FOR® Ji=1 'STEP® 1 TUNTILY A *DO' GR:=GR4+ClA=i]#i}

GRISGR/(PeSX)}
NEW PAGE; '
QUT(" TERATIONSY,STEP);
OUT("REL ERROR",ER)}
QUT("REC T.ME [0,0)%,1/C(A})}
QUT("REC T ME (0,D}",1/VU0D)}
QUT("REC T:!ME GC",GR);
OUT("PROBABILITY GC",SXaP)}
QUT({"PRODUCT",GRaSXaP);
QUT("X/Y “,0U);
TEND Y S )
YIFY READ>Q 'THEN?
YREG N
NEW PAGE;
tGOTU' NEXTS
’FHD'ﬂ
tENUY

37
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2Lunl4= 35 A 2355F .0 CLPIPPEL

16.004¢

1.0ud

.0ud

216,000

5 LU5
L3l

om - ONDP



2L.r 4= 35

A 2355F .0 CLPIPPEL

MEAN RICURRENCE TINE OF ([S,F)

174l
26.5

38,2

48,
5d.
70,
83,
97,

1.2,

W27,

143,

159,

/4.

0

8

8

Fxy

63.8

75.8

88.8
102.5
116,9
131.9
147.,3
63,1
179.0
194.3
208,5
220.5
229,2
234.8
£33.8

80.6
$3.5
107.1

121.3

136.0.

151.2
166.9
182.7
198.

212.

n
~5
r
L~ B - B A ]

n
w
-]
o

97.9
111.4
125.3
139.8
i54.8
170.3
186,1
2t1.8
216.6
229.3
238.6
243.6
243.6

115.3
229.1
143,3
158,1
173.4
1892
205.2
220.5
233,7
243.6
2488
248,8

132.7
146.,6
1611
176,2
92,0
208.3
224,11
238,11
248.7
254.,3
2b4.3

149,08

163.9
178,6

194.4

211.0
227,6

242,6
254.0
260,1
260,1

166.7
18¢0.8
196,3
213.2
230.7
247.1
259.7
266.6
2666

182.9

197.6
214,6
233.2
251.4
265,9
273.8

273.8

198.5
214.9
234,7
255.4
27?.6

‘282,1

282.1

213.7
234,3
258.6
280.1
292.3

1 292.3

230,3
259,4
288,5
305,6
305,6

253,2
296.,9
324,9

 324,9

298.,9
1358,7
358,7

448.4

448 .4

EX2.2712 ]

6¢
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2L3674= 35 A 2355F .0 CLPIPPEL
FTeRAT 04S +16.000
RE. ERROR =,005
REC T 6 {0e0) 617,072
REL T ME (0,D) +17,072
RE:L T+YE GC +8,533
PRIRAR | . Ty GC ,117
PRISJYLT +,999

X/v +1.000
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A 48. 4y
z 1.900
Q L300
i T iv9.000
EPS LOU5

) 156.300
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ME N’ RECURRENCE

o

700.31
883.:
1945, 4

700,39
638,53
1v°9,5

L 099.9
15,3
1614.8

499,
536
1653,

O s D

699,
982.
1700,

499,
10
1754.

[P R

~5 O

899,
1053 .
v 6.

698.
i. ..
<88t.

R
L

Yoy
-

F NS )

0w - &

PRI TS

.
o
YD

i
vt

.
¥
[

be
o
o

700,
383,
el

wv9,

0

9
3

9

9l0..

1oi4,

597,
949,
1694,
499,

63,
16v5.

699,

PR
hd

& N

LR RY: ]

o

o G0 e LIVER -4

&

.8

A 2355F .0 CLPIiPPEL

TIME OF (§,F])

099.9
917.0
$928,7

£99,8
aBg, 7
1048.9

L9999,/
¥85,3
<,89.,6

99,7
2 20,9
1 41.8

©v9Y.4
857,02
1606,7

99,9
1094,1
1481.1

698.4
1.3..5
1957.9

98,0
890

2u27.1

93,4
023
24786

oL
L2455
2.05.3

03,9
1084 0
2.05.3
Tid. 4
22.7

[R]

-
a4

~20.,0
1364.6

P}
1afi0

P49.8
1484.,0

70,2

699.7
951,9
1u47.,9

699,7
986.,9
1o083.6

699,7
10722.6
1732.3

699,98
10%9,1
1767.3

699,2
1096,2
1876.6

698.6
1133.6
1962.0

687.9
1171.5
2041.3

©97.7
12009 .6
2:01.3

603,7
1247 .8
21327

729.9
1403,0

746.,7
1442.8

77,3
1482.3

79..7

699.5 -

9R8.5
1678.6

699.,6
1024.5
1720.9

099,7
10621
1783.8

6%y ,5
10%8.3
1867,4

698,9
1135,9
1963.1

697.9
1173.8
2055.6

697,41
1211.9
2127,3

697,5
1250,2
21h5,0

$699,8
1288.,6
2165, ¢
705,0

1307.,2

713.7
1365,9

743.3
1444,6

764.3

1484,9,

789, 2
1526,1

817.6

699 .4
1026,4
1709.1

699 .7

1063,2

1765,5

699,8
1100.4
1851.,5

99,3,

1438.3
1959,2

698 2
1176.1
2069.2

696.,9

12143

2157.2

696 .4
1252.6
2204,1

697.8
1291.90
2704.1

702,11
1329.5

/10,3
1368, 0

722.7
1400,9

739,86
1446, 3

761.,0
1486.,5

786.5

1527.,06

15,7

1569,6

848.1

699.4
1085.3
1742.,8

700.0
1102,7
1825,7

699.9
1140.5
1946,3

69,9

4378 8

2080,2

697.1
1216.8
2192.3

695,6
1255 ,1
2253,1

695, 9

1293,4
2253 .1

6991
+331.8

706.5

1370,3

7186
1408,9

735.6
1448,1

797.4
1488.0

763.6
15289

813,7
1571,0

847.2

1614,1

883, 2

699.8
1104.9
1786.6

700,5
1142.8
1917.2

699.9
1180.9
2083,9

697.8
1249.2
2233.,9

695,3
1257,6
2317,3

694,2
1295.9

2317.3

696.1
1334.2

702.5
1372.5

714.0
1411.0

731.1
1449,9

753.4
14689.5

780.5
1530, 2

811,7
1572.,1

846.3

1615.4-

883, 4
1659.7

922.4

700.9
1145.2
1857.8

701.2
1183.3
2008.4

699.3
1221,7
2282,8

695,8
1260.1
2407 .1

692.9
1298 ,4
2407,14

693.0
1336.7

698,0
1374?5

708,9
1413.1

702.8
1185.8
i998.2

701.6
1224,2
2332.8

697,3

-1262,6
-2546.,1

Il

726.0 -

1451.7

748.9
14%91.0

777.1
1531.4

809.6
1573,1

845.5
1616.4

884,0
1661,1

924.0
1706,5

965,0

892.3
1301.0
2546,1

690,0
13392

693,2

1377.2

703,14
1415.3

720.2
1453,8

743.9
1492,5

773.4
1532.5

8u7,5
1874.0

845, 0
1617.3

884,8
1662,2

926,0

1708,3 .

967.9
1754.5

1009.9

704.9
1226.7
2335.14

700,6
1265,1
2802.2

893,0
1303.5

2802.2

887.3
1341.,7

687.7
1379.7

696,3
1417.,9

713.4
1455,3

738.1
1493.9

769.3
1533.5

805.3
1574,7

844.,7
1617.8

886.1
1663.0

928.,6
1709.7

971.3
1757,0

1013.7
1803.3

1055,7

705,14
1457.9%

731,39
1495.,5

764,7
1534,8

803,2
1575,2

844,8
1618,¢

888,41
1663.4

931.9
1740,7

975,3
1759.4

1018.1
1806,9

1060.0
1852.1

1101.3

705,2
1308,7

GoBDe
686,5
1346.9

675,2
13684,8

77,9

14223

694,7
14594

22,9
1497 .3

79,9

1535,5'

801,2
1575.7

8457
16182

891,1
16634

936,41
1711.3

980,1
1760,8

1023,0
1810,3

10648
1857,8

1105,6
18995

1145.,9

695.2
1349.6

668,7
1387,9

664.,3
1424,9

680,7.

1461,9

712.3
1498,9

753.6
1836.,4

799.9
1576.0

847,9
1617.9

895,8%
1663,0

941.6
17113

985.,9
1761.9

1028,%
1813,2

1069,8
1862,7

1110.1
1907,1

1149,8
1943,5

1189.1

667,2
$390,2

644,11
1427,6

99,9
14644

697,9

747.,0
1537.8

799,9
1576,3

852.2
1647 .4

902.0

1662,1

948,7
i710,7

992.7
1762,4

1044.,6
1815.7

1075.0
1867.,6

1114.%
1914.9

1153,6
1953.8

1192.4
1981.3

1231.3

bo"z
1430.4

622.5
1467.1

676,4
1903.1

740,7
1539.3

803.6

1976,7

860.8

1846.7

911.9
1660.8

957.9
1709.,4

1000.5
1762.2

1040,9
1617.4

1080.1
1872.2

1118.7
1922.6

11974
1964,¢

1195,4
1994.3

12340
2009.5

1272.7

926.6
16%8.9

969.4
1707.3

1008.9
17¢0.9

1047.1
1816.3

1084,7
1876,3

1122.4
1930.4

11€0.1
1975.9

1198,2
2008,3

1236.5
2025.0

1275.1
2025.0

1314,0

824.9
i508.5%

853,2
1543.2

8t3,1
1578.1

914,64

1619,1

947,3
1656,6

9€1.2
1704,2

i016.13
1758.,5

1051.8
i8i8.2

10€8,2
1879.4

1125.2
19280

1162.7
19€7.6

1200,5

2023.5

1238.8
2041.9

1277.,3
2041,9

13316,2

1355.4

Y
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23557 .0 CLpIPREL
eR1,6 1524,8 1568.2 1612,6 1658,0 41704.4 1751.7 1799.3 1846.6 1892.0 1933,7 1969.1 1995.3 2000.5

94,0 819,4 £49,1 £B83,1 921,2 962.6 1006,5 1051,7 1097.1 1141.9 1185,7 1228,4 1270,3 41311.8 1353.4 139%.2
1522.9 1586.6- 1v11.,0 1656.2 1702,1 1748,7 4795,2 1841,0 1884.,6 1924.2 19%7,.6 4982.,1 1995,3

+1 8%0.1  083.,2 920.3 964,66 1003,5 1048,0 1093.,2 1138.0 1182.%4 1225,3 1267,7 4309.5 1351,3 1393.2 1435.4
8 1609.2 10h4,1 1699.6 1745,4 1791,0 1835.4 1877.3 1915.1 1946, 1969,8 1982,1

7
. .
EL-2 8¢ 8R3. 4 ¥19,8 ¥56,9  1000.9 1044.7 1089.5 1134,3 1178.6 1222.1 1264,9 41307,1 1849,1 1391,2 1433,95 1476,2
160/,2 16%1.,9 109%6.9 1742,.0 41786,.6 1829.,7 4870,2 4906,4 41936,4 1958,2 1969.6 :

.83.7 918,98  h7,4 998,6 1041,7 1086.0 1130,4 1175.0 1218.9 1262.0 1304.6 . 1346,9 1389,1 1433i.5 1474.3 1517,4
1049.5  1694.1 1738.5 1-82,1 1824,1 1863,2 1898.,0 1926.6 1947.2 1958.2 : :

18,8 956,2 9%6,5 1039,0 1082.8 1127,2 1171.6 3215,6 1259.0 4304.9 1344,5 1386,9 1429,%5 1472.3 1535.4 1559.0
093,14 1734,8 1777.6 3£18.5 1856,4 1889,8 1917.2 1936,9 1947.2

955.1  994.7 1036.5 1079.7 1123,9 1168,2 1212,3 1256,0 1299.2 1342.0 1384.7 1427.4 1470,2 -1313.4 1556.8 1600.5
1731,1 1773.0 1612.9 1849.7 1882.0 1908.2 1927.0 1936,9

993.1 1034,2 1076,9 1120,7 11649 1209,1 1253.0 1296.4 41339.5 1382,4 1425,2 1468,1 1511.2 1994.% 1598.0 18431,5
1768,4 1807.4 1843.1 1874.3 1899.6 1917.6 1927.0 . :

1032,1 1074.3 1217,7 1161,8 120%5.9 1249.9' 1293.6 1336.9 1379,9 1422.9 1465,9 1509,0 1592,2 1595.3 31638.7 1681.5
1801.9 3836.6 1866.9 1691.,3 1908,5 1917.6

1071,9  1414.9 1:58,7 1202,8 1246,9 1290.7 1334,2 1377.4 1420,3 1463.8 1506,7 41349.8 1592,9 163%,8 1676.1 17190.4
1830.,3  1859.6 1063.2 1899.9 1908.5

1:12.3 1155,8 1:99,8 1243,8 1287,8 1331.4 1374,9 1448.1 1461,2 1504.3 1547,3 1590,2 1632,7 1674,8 1735,4 1784,5
16%2.6  1875.4  1801.5 1099.9 : ‘ :

1.53,0 1196.8 1240,8 1284,8 1328.6 1372,2 4415.6 1458,7 1501.8 1544,7 1587.4 1629,7 4671,2 1745.4 1749.8 1785,7
1467.9 1883.4 1891.5 .

1989 1237.9 1281,9 1325,8 1369.5 1413,0 1456,2 1499.3 1542,1 1584,6 1626,8 1667,6 1707,4 1745,2 1780.4 1811.9
1875.6 1B83.4 .

2035.0 0 1279.0 1323.0 1366.8 1410.3 1453,6 1496,6 1539,4 1581.7 1623.3 1664,0 1703,3 1740,6 1779,3 1606.,0 1832,5
“2T6,2 41320.1 1364.0 1407.6 1450,9 1493,9 1536.6 1578.7 1620,1 1660.4 1699,2 1736,0 1769,9 1800.2 1826,0 1846.5
1317.3 1361.2 1404.8 1448,2 1491,2 1533,7 1575,7 1616,8 1656.,8 1695.2 1731,4 1764,7 4794,5 1819,7 1839,7 1853.6

1358,3  1402.0 1445.4 1488.3 1530.8 1572.6 1613.4 1653.1¢ 1691.1 1726,8 1759,6 1788,8 1813.,6 1833.1 1846.6 1853,6
1399.1 1442,5 1485.4 1527.8 1569,4 1610.1 1649.4 1686,9 1722.2 1754.6 1763,2 1807.5 1826.6 1839.8 1646.6 ‘
1439,6 1482,5 1524.8 1566.2 - 1606.6 1645.6 1682.8 1717,7 1749.5 1777.7 1801.6 1820.3 1833.2 1839.8

1470,5 1821.7 1563.0 1603.7 1641.9 1678.7 $743.1 1744,6 1772.3 1795,7 1814,0 1826.7 1833,2

2518.5 1559.7 1599.7 1638.1 1674.6 1708.6 1739.6 1767.0  1790.0 1807.9 1820,3 1826,7

550,4 1596.1 1034.3 1870, 1704.1 '1734.8 1761.7 1784,3 1802.0 1814.1 1820.3

2392,6 1670.5 1066.3 1099.7 1729.9 1756.5 1778.7 1796.1 1808.0 1814.1

£y
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210074~ 35 A 2355F.0 CLPIPPEL

1549.6 1589.0 1626.6 1662,2 1655,2 1725.1 1751.3 1773.2 i790.3 1802.0 i808.0
15¢5.4  16¢2.8 1658,1 1690.8 1720.3 1746.2 1767,8 1784.6 1796,1 1802.0
1548.9 1624.0 1686.3 1715,6 1741,1 1762,4 1779.0 - 1790,4 1796.1

9 17310.9 1736.1 1757.2 1773.5 1784,7 1790.4
157,35 1700.2 1731,2 1751.,9 1768.0 1779.,1 1784.7
/61,5 1720.2 1746,8 1762.7 1773.5 1779.1
Lo2u.4 iveL.7  1757.4 1768.1 1773.5

12350,6 1792.1 1762,7 1768.1
17.6,9  1797.4 1762,7
1752.2 1707.4

12,2



2iluée/4= 35

ITERATIONS

REw ERROR

REC TI!ME [0,0)
REC T'ME [0.,D)
REL. T ME GC
PROB.A I LITY GC
PRIYICT

xX/Y

A 2355F .0 CLPIPPEL

+20,000
-, 005
+7060.135
+508,933
+39,563
+,025
+1.000
+1.,008

45
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8.1.3,
[ef. ch. 5.3]

2144, 4= 22 8 2355F .0 CLP'PPEL
B2:39F,0,CL P'PPEL,T150

' BEGINY
FCOMUIENT ¢
TH S PROGRANM S5 MULATES A DSA-SYSTEM WITH GARBAGE COLLECTIONS
1RIALY Z2,P,GC,FULL
tONTY NEPS
PANTY AL,D,GCCTR,FCTR, ITCTR,F,S,1T,R CTR, MR
tPROC?Y H(S,N); 'STRINGYS};'REAL'N;}
1HEG NY
2 =zREAD S
NLCRIPRINTTEXT(S);TABIABSFIXT(6,3,N);
tEaD G
1PROCY OUT{S,N)3'STRING'SI'REAL "N}
LG N?
NLCR;PRINTTEXT(S)3TABIFIXT(6,3,N)3
tEND Y
NEXT
R CTRI=0;
StT RANDOM(D,D);
MOAY, AT INCYZY,2Y 3 INCDY, D) S INL"ITY 1T INI"MRY , MR) 3

OO N

IR Lo
Palio LA CRR VI IF AN Y S gl W TN o8

NEXTZ S
2y R CTR!=R CTR+1:
Y NLWR; -
2 QUT("RUNIY",R CTR)}
23 pizl/(Z+2);
24 t=203F 3203
- VTCTR:=0;FCTRI=0;6C CTR$=0;6CIn(3FULLE=03
23 3 "FORY NEP:ImQ
:) tWHILEY CTCTRST 001!
a8 PRGN
-9 FTCTRI= 1 TCTRA S
~ g tiFY RANDOWMKCP
<L PTHEN?
2 YBEGINY
33 TiFY Fel
4 Y THEMN®
51 tBEGINT
T GCCTRISGCCTR#1 )
$7 GC:=1T CTR}
34 FizFsSed}
19 Si=0}
49 VIFY FgD
B3 YTHENY
.'.g_' IBEGINI
3 Fi12F+D;
44 FCTRISFCTR+1}
43 FULL:®1T CTRS
B3¢} TEND';
B TEND!
~3 TELSEY FisFel;
“ @ TEND?
S 'ELSE?®
21 "BEGINY
B2 VIFY FagS+i*LE'A
33 *THEN' S:=S+13} .
54 YEND 'S

53 TEND ' g



210674~

56
57
58
59
60
81
62
63
64

<

22 B 2355F .0 CLP:PPEL

QUT("MEAN REC TIME FuLL®,FyULL/F CTR)}
QUT("MEAN REC TIME GC*,6C/GC CTR)}
11FY R CTRCMR *THEN® 'GOTO' NEXT23
1iFY READ >0 ?TTHEN?
FBEGIN?
NEWw PAGE}
1GOTO? NEXT)
YEND '3
tEND

47
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210674~ 22

T -0ON»>

T
R

RUN?
ME N
MEAN

RuNS
ME N
ME aM

RUN?
ME AN

M ot

RUN
MEZAN
ME LN

RUNT
ME o
MEa

RUN?
ME L3
ME AN

RUMN
ME &%
MZay

RuU .
ME LN
ME AN

Ry M2
ME Ay
ME AN

Rt
ME A
ME ™

REC
REC

REC
REC

REC

LR

REC
REC

REC
REC

REC
REC

REC
REC

RECQC
REC

REC
REC

REC
REC

48.0€0
1.000
16.000
60000.000
16.000

+4.000
TIME FULL
TIME GC

+2.000
TIME FULL

TiME GC

.+3.000
TIME FULL
TIME GC

+4.009

TIME FULL
TIME GC

+5.000
TIiME FULL
T.ME GC

+6.000
TyME FULL
TIME GC

+7.0006
TIME FULL
T,ME GC

+3.008
TIME PULL
TiMEL GC

49,000
TiME FULL
TIME GG

+10.609
TIME PuULL
TIME GC

B 2355F.0 CLPIPPREL

+1239,128
+39.255

+1094.132
+38.507

+1542.946
+40.039

+1524.846
+40.298

©1175.294
+39.259

©1110.944
+38.456

+1489.487
+38.640

+1325.890
+38.501

+1753.194
+47.,954

+1450.341
+40.577



~— 0
D ®
™
iS
- 0 o
=
o~
N
L
SR x SOURCE L ISTING = 4B 1,0,3 . T4330 12212/74 13,22,14d,
0004, . tREGING {
0002, #COMPUTE THE RECURRENCE TIME OF FULL# i
00083 oo YSTRING! _TABm® " 1
0004, 1PROC! FULL®('INTY 4,D,'REALT 2) FREALVe i
0005e . AIFY TABSI(Z»1)€0,001 2 DENOTATION
0066, PTHEN! (D+1)#(2%242D) 3
e 0007 e o . VELSE!. ((Zex(A2)=_ ZauChdleD))/(ie=Zyan ¢ (Dei)s(1=7))n(Z¢i)/7 3 TAG
0Cae, 1fyty i
e 00096 A\EQRY. A AFROMJ.48. 1704 48 L _DENOTATION
0010, 100! 2
0081, v oo e - VINT L. DELTAZALQVER!E2} 2
0012, TREALY Z3=0,90y 2
e 008 Y i . PRINTOLINEW. PAGE¢"BECURRENCENIIME_EULMNEH_LIML;_“An__,_HHDLEH.Ml)l 2
0014, PRINT((NEW LINE,"D "))s a
0018 v e oo YFQRYD TFROM'. 0. 'BYL,DELTAA¥TGO A 2 146
0016, 1DOY PRINT((TAB,WHOLE(D,=8))) 10D'} 2
00176 v e e PRINTOINEWLINE,MZ. 27} 2 e
0oi8, TWNILEY 2 WLE'1,101 3 DENUTATION
0019 e e e 1D I —— 3
0020, PRINTC(NEW LINE,FIKED(Zs=4,2),"/"))¢ ; 3
002%e. v e VEOR1 D VFROMI_ O 'BYL. DELIA_lTn! A - 3 Tag.
0022, DO PRINT((TAB,FIXED(FULL(A,D,2)s=8,1))) 10D'} 3
(NI SRS £ 3 T 1. J: § G — — 3 DENOTATION
Go2u, 1Dt 2
0083 o vm e W OB e . 1
006, tEND! ' 0
PROGRAM LENGTH oooszos wonns

6%



-RECURRENCE- TIME-FULL

asyd

D

2 /
0,907/
0,94/
0,927
OQOB/
0,962/
0,95/
- 0,9%0/
0.%7/

0,987 .

0,99/

1,00/ - .

1,017
1402/
1.03/
1.047
1,05/

1067 .

1,077

1408/

1:09/

— 34107

ST | YRS 4 8 12 14 20 24 28 32 15 io 44 48

2360 —-308,8 . 188,3 2743 - -35%,5 - 434 .S  S{3.7  8590,2  H&2,S 728,58 1849 B2h.4  BUR,5 .
23,1 115,2 206,8 297,46 187.2 475,2 560,8 642,9 719,8 789,2 8476 890,14 909,3

2546 127 B 229} 329,3 427.% 523.8 616,7 7050 786,9 Bo0,0 - 920,6  964,0_ 983.3_
28,8 143,3 256,59 367,68 476.6 582,2 883,14 778,7 866,3 943,3  1006,4  1050,7 10701

32,7 162,6....290,2 415,84 _S536,% 653,0 T63,9 Bo7,2 940,9  1042,2 . 1107,8  11%3,1  1172,6 _
37,7 186,8 332,4°  u73,.8 610,0 739,68 86,7 974,14  1074,6 11e0,6 1228,9 1275,2 1294,8

S VDS Ge— T 2 3 385.8 547,5 JO0}o?— 88T 0 — 981 ,9—$104,5 1212,6 1303, 2 4374,7  1422,2 _ 1441,8
52,5 257,5 4su,y 641,0 81741 980,8 1130,8 1285.0 1381,6 1478,2 - 1552.,2 1600,7 1020,

e 83,5 309,6-— 582,84 T60,8 963,66 11494 1316,8 f46U4,4  1590,3 _ 1692,8  1770.0.. . 1819.6___ 1639.4
78,2 378,3 657,8 915,7  1153.3  1363,5 1551,5 1714,2 1850,6 1959.5 2040,0 2090,8 2110,7

98,0 - U70,0-— 810,0-——4118,0——34390,0—1638,0—1850,0—2030,0 - 2178,0. 2294,0  2378,0_ 2430,0  2450.0
125,0 593,85 1012.6  1384,2 1710,3  1992,8 2232,9 2432,7 2593,6 2717,3 2805,0 2858,2 2878,3

~ 36253 70l 1284 ,2-— 1737 32125, 2058, 4 2727 ,9——2950,4-—-3125,8— 3297, 2. 3349,3 34038 3u2u.0
213,9 990,5 1691,2 2208,9 2675.1  3060,0 3372,7 3621,2 3B12,7  3953,5 4049,3 4105,2 4125,9

S 286,1 —1306,3.——2149,9_2842,5_3406,1— 3859 4 4218,3.— 4496, __UT06,2. 48548 4957,0 _ S014,2__ 5034,6_
387,4  1743,4  2831,3  36Y8.6  4384,4 . 4921,0 5334,7 Soul,4 S5877,0 6038.1 oi4d,0 6201,6 6222,2

53052351 ,3.—-3766,6-—UB860,7- 57004 6338,6- $817.2 - Jlo9.3TH21,3  7593,9 7703.8 IT63. B TIAU,5
733,2  3199,8  S055,3  ed44u4,7  7478,4 8240,8 B796,3 9i93,8 O4T0,8  9656,0 97710 9832.6  9853,3
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807,
0098,
2309,
0910,
0311,
3712,
0313,
0014,
0015,
0016,
0317,
0218,
0019,
0o2o, .
0021,
0022,
0023,
0024,
G025,
026,
0027,
0028,
0029,
0030,
0031,
0032,
0033,
0034,
0035,
00836,
0037,

PROGRAM LENGTH

% SOURCE LISTING « A68  1,0,3 .

tHECINY
#COMPUTE ALPHACA,D,2) [CoF, 3.3.11#
'STRING! YaBan "y

'PROCY FOs('INT? 4,D,'REALT Z) 'REAL'Y
VIFY tABST(Zw1)<€0,00%

PTHENY (D+1)2(244+2=D)0,5

TELSE! ((Zxs(a¢2)= Zea(a+i=D))/(l=Z)eue ¢ (D2+1)/(1=2))
IFIty

TPROCY DFOs('INT' a,D,'REAL! Zi YREAL '3
VIFY TABST(Z=1) < 0,001
PTHENY ((A+2)e(Ae1)ea = (Ae=Dil)a(A=D)e(A=D={))/6

T4330

TELSE! ((A+2)#Zsw(Av)) = (A=D+{)adner(AwD) =hwZat(Ae2) ¢ (A=D=i )w

Law(A+f=D) ¢ (Del)a(1=L))/(i=Z)2nd
IFII’

TFQR! A TFROM' 4B 1TQY 48
oot
TINT! DELTASA'OVER!12)
'REALY Z3=20,909
PRINTC(NEW PAGEs "ALPHA(A,D,2)",NEN LINE,"As", WHOLE(A;0)))3
PRINTUI{NEW LINE,"D "))
'FORID 'FROM! 0 '8Y! DELTA 'TO! A
'00! PRINT((TAB,WHOLE(D,=8))) 'OD';

PRINT((NEWLINE,"Z /"))y
PAHILEY 7 'LETL,10)
00!

PRINT((NEW LINE,FIXED(Z,=4,2)4"7"))3
'FOR' D 'FROM! O tBYY DELYA 'TOV A
190

12/312/74

PRINT((TAB,FIXED((DFOCAsDsZY/FOCA,DsZ))Z =1/(Z41)s=851)))

lOD',
24120,01
QD¢
QD1
TENDY

0007238 WORDS

16,20,08,

.g-lug

[1°€°% *4yd> °3J°]

DENOTATION
DENOTATIGN

DENOTATION
DENOTATION
DENOTATION

DENOTATION

TAG
DENOTATION

TAG

DENOTATION

1S
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ALPHA(A,D'Z)
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8.2. Plotter pictures
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8.2.1.
[cf. ch. 6]
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