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Abstract

In this article we research methods of n FIFO-queues allocation in the
memory of size m units. The problem of optimal memory partition be-
tween queues in the case of consecutive circular implementation and the
problem of the analysis of linked list implementation are investigated. As
mathematical models we proposed random walks into different areas of
n-measured space.

1 Introduction

In many applications there is a problem of allocation of multiple queues
in single-level memory. There are two fundamentally different ways of or-
ganizing work with dynamic data structures — consecutive and linked list
allocation. This paper is the extension of [1]. For queues with sequential
presentation all the memory is splitted into several parts and each queue is
allocated in separate section of memory. In this case we will have losses of
memory when any queue overflows and other queues don’t overflow.

The linked list implementation is the second method. In this view the
data structure is stored as a list. In this case any number of elements of the
lists can coexist in the memory area until the free memory is exhausted.
But on the other hand, this approach requires an additional link field for
each element.

In this article we considered the system where memory overflow is not
an emergency situation. If free memory is exausted then all attempts to
include an element into queue will lead to it loss until the appearance of free
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memory i.e. until the deletion of an element from the tail of queue. Such
scheme is used for example in the routers and such behaviour of queues is
name “reset tail”. As the optimality criterion we considered the minimal
part of time which the system is situated in the state of reset tail. It is
reasonably to minimize this value in order to minimize the part of lost
elements. In this paper we considered linked and sequential presentation
of queues and calculated in symbolic form the average part of time which
the system is situated in the state of "reset tail”.

2 The problem

Consider n queues in single level memory size m. Assume that the time is
discrete and only one of the following operations can happen during each
time step:

e insertion of element into j-th data stucture with the probability p;
(1<j<n),

e deletion of element from j-th data stucture with the probability g;
(1<j<n),

e access the element with the probability r (Data structures don’t
change their lengths).

mt-+pmtat+--tg+r=1

Values pj, q;, r are constants. They don’t depend on the current lengths

of queues and on the operations on the previous steps. All elements have

the same lengths. The length of queue is the number of elements that it

contains. Denote i, is the lengths of data structure with number j.
Consider the memory overflow and transition into the states of "reset

tail” in different cases:

1. Linked list implementation.
Denote [ is the ratio of the size of element to the size of a pointer (for
the linked presentation). Denote m(1 — 1/1) = M. An overflow will
occur (and, hence, the system will move to the state of "reset tail”)
when the queues will occupy all memory (i.e. iy +--- 41, = M) and
an element to any of them will be attempted to include.

2. Consecutive presentation.
Each queue is allocated in its own part of memory. k; is the size of
allocated memory for j-th queue. An overflow will occur when j-th
queue occupy all allocated memory (its length will be equal to k;)
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and an element to this queue will be attempted to include. The free
memory allocated to other queues will not be redistributed.

We suppose, that the process starts from the state, when data structures
are empty, and in the case of deletion from an empty data structure there
is no shutdown. The problem is to find the average part of time when the
system is situated in the state of reset tail in both cases of representation
and compare them. To solve this problem we used apparatus of regular
markov’s chains.

3 Consecutive allocation of the queues

3.1 The problem

Consider kq, ..., ky, is the fixed partition of the memory.

As the mathematical model we consider the random walk on an integer
lattice space inside n-dimensional parallelepiped with vertex at the origin,
edges parallel to the axes and the lengths of edges ki,...,k,. Number
of states is equal to [ (ki + 1). (i1,...,in) is the state of the system.
0<i <k1+1,...,0 <4, <k, +1 i; = kj +1 are the states of "reset
tail”. «y,. i, is the limit probability which system is situated in the state
(115 yin).

Conversion of the system from state (i1,...,i,) to state (¢,...,4,)
occurs in according to the following rules (fig. 1):

(oyis4+1,..00,...) 0 <ig < kst < ky
(i ; ) b (yis+ 1.t —1,...) 0<is<ksit=ki+1
rheree ot —_— (o sy onyity ) ie = ks 4+ 1,5 < k¢
(coiylsyenyit—1,.00) is = ks + 1,4t =kt + 1
(o yisyennyity.2) is = 0,25 < kt
(...,is,...,itfl,...) ’iS:O,CCjZkt+1
(o ; ) a (yis—1, . ity ...) 1<is < keyiy < Ky
srotsyeeo ) ——— (oyis =1, it —1,...) 1<is <ksit=ke+1
(oo yis — 2,0 ity ...) e = ks 4+ 1,5 < kt
("7i5_27---7it_17---) i5:k5+17it:kt+1
(coyisyennyity o) 0 <is < koyit < ki
(i ; ) (o yisyooyit—1,...) 0<is<ksit=ke+1
crotsre ) ——— (yis =1, ity ..) is = ks + 1,4 < ky
( .,is—l,...,it—17...) is = ks + 1,0t =kt + 1

1<s<n, 1<t<n, s#t
Construct the balance equation a; = ) a;Pj;. For our system it will
i

be the following (for internal states):
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Figure 1: Transition between states in the case of consecutive presentation

L. @iyig.in = P10 —1sin.in T QU4 1yin iy T PnQiyig.in—1 T
AnQiyig..in+1 T TG1ig. iy,
(1§ij§k‘j—2, 1§]§n)

2. QOiy..iy = 1O ig.iy T PnQ0is.in—1 T GnQ0ig..ip+1 +
(r + q1)Q0is...i1,
(h=0,1<i;<kj—2 2<j<n)

3. Qi —Tig.in = P10k —2in. iy T QUK ig. i T QLK1 41,09 T T+
DPnQiyig..in—1 T QnQyig.in+1 + TOky—1 5.0y,
(ilzkl—l,lgijﬁkj—l QSJSTZ)

4. Qgrin.in = PlOki—1in.in T+ TQki41ig.in T *° + PnQigig.in—1 +
AnQiyig..in+1 T TQkyis. iy,
(i1 =k1,1<i; <k;j—2,2<j<n)

Ov Qky4lin..in = P10y in. i + P10k 41,in. i,
(i1 =Fk1,1<i;<k;j—2,2<j<n)

Split the set of indexes I = {1,...,n} into the subsets:
I ={j:i; =0}
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Iy={j:1<i; <k;j—2}
Igz{j:ij:kj—l}
Iy ={jij = kj}
Is={j:ij=kj+1}
Since only one of queues can be into the state of "reset tail” then |I5| = 0
or |I5| =1.

1. For usual states (equations 1-4 in common view, i.e. when I5 = ():
Qiy i = (r+ >0 @)y 4, + Z Qi iy . i1 a8, T

Jj€n Jjen
> (pjail...ijfl...in +qjai14..ij+l...in) + > Q5 iy ...ij+2..ip T
jEIZ+I3 jEI3
> (Tail...ijJrl...i” + Py iy—1.in T
J€EI4
> (plail.A.il—lu.ij+1‘.‘in + CIlOéilA“il+1A.Aij+1.“in) +
lela+13

> ql(ailmilmij+lmin + ail.A.il+1.“ij+1‘.‘in)>
el

2. For the states of "reset tail” (equation 5):
Qi kjtLoin = Pj(Qiy ki + Qi k1)

The system has the following solution:

i1 in

q1 qn Py
pl i1 p ij—l p in
Ginin = C () () > b = {j
B <<I1) <<Jj> (qn ! =
Denote p;/q; = z;, i = 1,...,n. Let for queues with numbers 1,...,s

x; £ 1, i.e. p; # ¢;, and for queues with number s +1,...,n z; = 1, i.e.
p; = q;. Find the constant C' from the normalizatin equation:

L= 5 et ates Pat 3 ok
31=0 in=0 11=0 in=0
s ‘,L,/'Cri-l -1 n
S IE = | UER)

=1 Ti— 1 =

Summarise all «;, . ;, which the states of "reset tail”. For queue with
number 1 it will be the states with the condition 71 = k1, 0 < i < iy,
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2<j<n.
. Ky 1 ko kn i . kn .
P1 = P12y 6 Z Z Ty" ... T _plfl? Z l’ o Z Tn" =
ia=0 in=0 12 =0 in=0
1 s ghitt_1 =» 1 —1
k1 *+ i ks 1) = k1 1 _
P11 C il;[1 z;—1 7;=1:[+1( it ) bty 11€1+1 1
k
n(5) ()
- k k1
@ @ _p T =) e a—m
p ) Py =gt a " g\
a -1 1— (& an -1
q1 y4! yus
Similarly for the queues with numbers 2,. .., s.

For the queue with number s + 1:

p* _ ps—i—l
8+1 k:,5+1 _|_ 1
Similarly for the queues with numbers s + 2,...,n.

Then the summary part of time which the system is situated in the
state of "reset tail” is equal to:

reSe Yt 3

k+1
i=1 i=1 (‘h) _ i=s+1
Di

The problem of optimal division of memory was solved in [1].

4 Linked list presentation of queues

As the mathematical model we consider the random walk on an integer
lattice space inside n-dimensional pyramid with edges 0 < 21 < M, 0 <
o < M,...,0<x, <M and base x1 + 29+ --+x, = M.

For each state in the face 1 +z9 + --- + x, = M, i.e. when all the
memory is exausted, define the corresponding state of "reset tail”. Denote

it as (#1,...,2,). It can be reached in case of inserting of an element into
any of queues. Conversion of the system from state (z1,...,x,) to state

(«),...,x}) occurs in according to the following rules (fig. 2):

i i) s (covis+1,0i,...) 0<ii+-din<M
slsy ey ltyene ) 25 (---77/’_57---7-73_]'7---) 14+ din=M
(...,is—l,...,it,...) ig >0
s
(oonorottn) 2oy { (coeylisyennyity...) is=0

(oovissnesityenn) Ty (s yits o)
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Figure 2: Transition between states in the case of linked list presentation

- - (oyis—1,...0t,...) is>0
qt
O B { (coyisyeyity o) is=0

Split the set of indexes I = {1,...,n} into the subsets:
Il = {j : ij = O}
I, = {j : ij > 0}
Construct the balance equation a; = ) a;Pj;. For our system it will

7

be the following:

1. Ay iy = Z (‘bazlz]zn + QJaZ1ZJ+11n) + Z (pjail...ijfl+in +
jen JEI2
Qjail,...ij—i—l...in) + 1oy,
0<ig+-+i, <M —2)
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2. iy = D (@ ijrin + @G (i1 T Xy igin)) T
Jjeh

J€El2
(i1 4+ +i,=M-—1)

3. iy = P10~V iy 0 F PnQiyio.in—1 + T(Qiyig..in + Wy in.. i)
(i1 4 +in=M)

4. a5y =14+ 0n)(Qirin..in, + Xirin.in)
(i1 4 -+ +ip = M)

The system has the following solution:
11 in
ailig...in:C<pl> ...<p”> 0<it+ - +in<M—1

q1 dn '
11 in
i = €= (B) ()
Bt
om...inzc(pw---wn)(zi) <§Z> it i =M

Find the constant C' from the normalizatin equation:

M M—in  M—ig——iy

1 ) )

in=01%,-1=0 11=0

Find the summary part of time which system situated in the state of
"reset tail”.

4.1 Statement

Let ay,...,a; are the distinct numbers, 0 < s < k — 1, then:

(a1—a2)(a1—sa;3)...(a1—ak) + (a2 —a1)(az — a3) ... (a2 — ax) oot
+ (ar —a1)(ax —az2) ... (ax — ar—1) =0

Proof:
Lead the left part to the common denominator. p-th summand will have
p—1 changes of sign. All brackets without a, will be into the p-th summand
Gp

1
— (e 1 (a1t T1 (ai-a)+
11 (az aj) 2<i<j<k 1<i<i<k
—i1_§z<j§k i#£p#]

+a 1 (ai—aj)>=

1<i<j<k—1
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Represent the sum in brackets in the form of a determinant. In every
summand the procuct will be the value of Vandermond’s determinant (p —

1)-th order.
al as aj . ay,
1 1 1 e 1
al a2 as e ag
= a% a% a% . ai =0
a]f;l a’;.*l ag;l e allz;l

Determinant is equal to 0, because it has 2 equal rows

4.2 Case of different values of probabilities

Consider the case when x; # 1 Vi and x; # x; when 7 # j:

1 m{WJrn
C (r1 —1)(z1 —22) ... (21 — Xp)
" ! fulX, M)
+ = s
(p — V)(zn—21) - (T —n—1)  (L—m1)...(1—z,) "
Method of mathematical induction:
1) Base n = 2:
M M—is i M i M —io i M i xi\J_Zé"Fl _1
X2 wlay =Y ay Y owgd =) xy —1
i9=0 i1=0 i2=0 i1=0 i2=0 T1
_ % gM ity B %/f: x5 _ @ gt ML B eyt 1
ia=0 xr1 — 1 i2=0 xr1 — 1 Ir1 — 1 X9 — I (331 — 1)(.%'2 — 1)

_ xi\/l+2 n 1 . < Tl 4
(r1 —V)(z1 —x2)  (L—a)(1—a2) ~\(z1— D@1 —22)
1 xM+2 :CM+2 1
1 2

(—e)(—a2)) (@ -D@i—22)  (@—Dwa—a)  (Q—a)(l—a2)

2) Suppose it is true for (n — 1)-th queue.
3) Proof for n:

M M—i,  M—ig——iy :
fa(X, M) B PO XD DENETEID DI £ SRR A =
in=0  ip_1=0 i1=0

Jj=0

Simplify summands:

Mo |

Yo Th =

j=0 $n—1
M ) n—1/ M+1\ _ ,.M+1 M+n M+1,n—1
LRIV i I A AR
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(1<i<n-1)

Then:
w]vf+n a;.]W;i’n
(X, M) = 1 n—1
Fu(X, M) (x1 — 1) (z1 —@2) ... (T1 — Tp) + ) + (@n—1—1D)(zn-1—z1) ... (Tp-1 — xn)+
1 _ M1 )~ bt
(l—wl)...(l—mn)l " (z1 = 1)(z1 —32) ... (21 — TH)
1 1 _
@t = D@nt—21) . (@t —zn) T Az (A—zm))
M+4n M+n
= il T Tn n 1
(x1 — 1) (21 — 22) ... (1 — Tn) (xn = 1) (n —21) ... (xn —2n—1) (A —2z1)...(1 —zp)
1
Then C = m Summarise oy, ;,, which corresponds to the
states of "reset tail” :
M M—in  M—ig——in ,
(pr + - 4 pa) 2o 2 e X wmp TTTTMay . ay =
in=017,-1=0 i9=0
gn(Xa M)
Proof that
x{\/H—n—l
gn (X, M = P+ - + P + .. 4+
n( I ) ( n)($1—$2) -(xl_l'n)
xM+n71
n
(xn —x1) ... (T — Tp—1)
Method of mathematical induction:
1) Base n = 2:
Mo pMAL _ M+l
(p + p) iz ™ = (pn + p)Ht—2— = (p +
i=0 T1 — T2
33‘]1\4+1 $é\4+1
P2)
Tr1 — T2 Tro9 — X1
Steps 2) and 3) are the same as in calculating constant C
gn(X, M)
Pr= (ot p) 20T
" (X, M)
4.3 Common case
Suppose that there are kg queues that have the probabilities: bi xg =1,
qi
k1 queues, that: P _ oD 1
o qiq Qikl
ks queues, that: P Pk _ s
qjl q-jks

ko+ki+---+ks=n
Find the constant C:
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1 M—ig M—ig—-—ig M—i]—--—ig
6 - 2§Ozg21: ()”‘ 11=0 ) 10=0
(Pt e (P T e (B e (M) =
= [i(X,M)
Proof that
o 1
FEM) = akoxoakrlml...akrlxs{ko!(kl D (ks — 1)

((a:o - ac;l)cglﬁgxo - xy) ot (s — a:o)%%w.::s - x5—1)> }

Method of mathematical induction:

1) Base s = 1:
4 M _ _ i
k1+] 1 MAko—j (b1 +j =1 ;(M+ko—j)! _
> ( Jai (M) = 20 1k — 1) &t (M — j)lko! 0
1 M '
= e oM =D (M =t ko)ag (1) (ke — D2 =
k() (kl 1 j=0
_ ottt M M—jko it —1 | _
8k0$08k1 1:61 ko' k1 — 1 1
_ oro+k1—1 Miko T
FFozed* 1127 | kol(k 1,22, "0 1
_ 8k0+k1 1 M+ko+k1 _ xi\/ﬂrk(ﬂrkl _
8k0$08k1 1xq ko' kl — 1 To — X1

M+n xiw#»n
- 8k0$08k1 1:61 {ko.(k'1 — 1). (mo — X1 + T — Io)}

2) It is true for 0,...,s — 1
3) Proof for s:

M—iy  M—ig——iy M—ij——ig

S SN e Pl SURTRS SR

1s=0 ' ) 1s—1=0 ' iliq ' 10=0
(e ot ()t ()

M

ke ‘S_ '5 y

= ZO(*JZS 1)3515 a1 (X, M —j)
‘]:

Simplify the summand:

M . M 1 M
X:O(ks-};i—l)mgmﬁw JAko+ ks 1 _ k'-zo(ks + .(ks + i —
j= st j=

ks—1 .
0 1 f: Ij+ks—1I1\/[*]+k0+~“+ks—1 _
ok Tz, | (ks — 1) : i -

+ =0

ks—1 .
9" 1 %4: xj-&-ks—lxM*J+ko+m+k571 _
67“5*1:05 (k’ - 1) j=—ks+1 # ¢

1)glg I kot the
S
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ks—1 MoAky4thy ,
0" 1 ! ) ot pithe =1 M=dtkot tha 1 _
91z, \ (ke — 1)1 » i

j=—ks+1
MAko+-tks_1

ko1 M—jtkot etk
Z ngrks 1331‘ Jt+ko+ s 1)}:

j=M+1

ko1 Meko+-thks _ o Mkot:+ks

ok 1 zg o o D (ghottReitlgMak
Oks—1g, (ks — 1)! Ts — Ti i s
l,]VI+n—1) —
S

P M4n M+n

o* L (o= m T Rtk
ks —1 ks —1)! i — 2 i )

Ts ( s ) Ti = Ts Ti—Ts

gMn—h (%)

(1<i<s-—1)
Summarise the last expression for ¢ from 1 to s — 1 and simplify it:
From the Lemma:

0<p<s—1:
ol o
+ + -+
(.CI}Q — $1) . (iUop— -:Us—l) (.%'1 — xo) e (1‘1 — 373—1)
L1

=0

(Ts—1 —0) ... (T5—1 — T5—2)
Apply the formula from the consecutive representation in reverse order:

s<p<ko+--+ks1—1
D

Xo —T1)... (o — Ts—1 X1 —x0)..- (X1 — Ts—1
( ). (a ) ( ). ( )
Ts_1 —
(zs_l — .'Eo) . (1‘3_1 — Cl?s—2)
p—stlp—stl—io  P=stl—io——is—z ;
= 3 > .. S zxlt et
i0=0  i1=0 i 1=0 o
an—s

8k0$06k171$1 . 6k5*171$371

p—s+1p—s+1—ig p—stl—ig——is—a . i
70 .21 s—1
> X > ro'zy .oz p=0

io=0 i1=0 is_1=0
As all the summands have the total power not more than
p—s+1<ko+-4ksq1—1—s+1=ky+ - +ksq—s,
and the order of the partial derivative is
ko4 (ki —1)+ -4 (ks1 —1) =ko+ -+ ks —s+1,
i.e. at least one less the total power of each summand.
Hence, while summaring in (*) the derivative of sum the following
summands will be equal to 0
an—s
8k01’08k1_1w1 - 8’“5*1_11'5_1
{51 $’?0+"'+k5—1*1$é\4+ks T xé\/f—i-n—l

Z 2

i=0 (s —x0) ... (25 — 2s-1)

:0} 1<i<s—1
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From the Lemlma:

(ro — 1) . ..1(:50 —xs—1)(2o — Ts) Tt (@1 — @0) - (Ts—1 — To—2)(@s1 — @5)
(xs —x0)...(Ts — Ts—1)

Finally obtain:

on—*? 1
X, M) =
(X, M) OFozgOk1—lgy .. OFs 1z, { kol(k1 — 1)!. .. (ks — 1)!

((fﬂo - l‘jé\ﬂzﬂ?o S R wo)%%W-J(:s - 9331)> }

azfs

5 Comparison between consecutive and linked list
presentations

In previous sections we obtain the formulas which express the average
part of time which the system is situated in the state of "reset tail”. In
this section we will compare consecutive and linked list presentations.
Our results were obtained when m — oo, but they are correct in prelimit
form when the size of memory is rather small about 10-20 units. To check
results we used system of vector algebra maxima.

We will distinguish several cases of dependences between probabilities:

1. p1>q andﬂ>& fori=2,...,n.
L S/
Consecutive implementation:
lm 4P :{pi%’, pi > qi
m—o0 <Qz> it 1 07 pi < q;
D
lim L=

n

Hence, Py — ) max(p; — gi,0)
i=1

Linked list implementation:
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pi(1— @) >0 2<1i<n,because p; > q1
Y
q1 q1

pi(l—=—=)=pi—pi—>pi—q
b1 a b1

Hence, p;(1 — 171) > max(p; — ¢;,0)

Summarise the last inequality for ¢ from 2 to n and add p; — ¢;:

n
lim Pf = > max(p; — ¢,0) < (p1+--- +pn)<1 - Ch) = lim P/
m—00 i=1 b1

m—00
P < P even when the size of memory is rather small.

3. pi<qgifori=1,...,n. and&>&

a1 qi
In [1] we found the optimal partition of memory in the case of consecutive

presentation using the method of dynamic programming. All the queues
will spend roughly the same part of time in the state of "reset tail”. I.e.
% — pi 4 — D) oy
7 7 ~ ] ' i ?é ]

ki+1 ~ ki+1
DSOS
Di by

Using this equations and condition k; + - - - + k,, we can find the roughly

values of variables ki, ..., ky:
1
Pr = :O(exp<—nm1>>
m—n ) _
exp (5 ~logn i log(2)
> —

i=1 108 D
The behaviour of the function P*(M) will be determined by the value
n xM—i—n—l

Z i
EPCEED

j=1
J#i o
n M+n
because in the denominator s —0
i = 1) Il (@i — )
j=1
J#i
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and value ——— is a constant. Thus

[T —z;)

J

rof(8)") ol -na- o)

In this case the part of time which the system is situated in the state
of "reset tail” exponentially tends to 0 in both cases of presentation. To
choose best of them we need to compare the exponents and choose minimal
of them.
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