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INTRODUCTION

Memory interleaving is a form of pipelining to increase
the speed of memory access. Lt may consists of say m memory
units each taking m processor cycles to deliver a word. To
avoid undue extra cost, no actual memory repiication is used;y
only the addresses are interleaved so that all addresses
equalling (j modulo m) refers to memory box j. This way the
input’stream of addresses now behaves like an admixture of m
different streams; nevertheless cdnsecutive addresses refer
tc different boxes, and the one-output-per-cycle maximum rate

can be honored for well chosen address request seguences.

A multiple module system has two promising characteristics
for high speed operation. First, for a given capacity, a smaller
module can usually be designed with faster cycle time because
propagation and other delays can be smaller. Second and most
important, a multiple module system permits several modules to _

be accessed at one time,

Because of program locality, successive accesses are often
made to consecutively numbered addresses, For this reason, in
multiple module systems, successive addresses are assigned to

successive modules,



The normalized performance of an interleaved memory system
is Pint = (throughput of the interleaved system) / (throughput of
the single box memory). The limiting cases of module concurrency
is 1 when all successive calls are to the same module and a
- maximum concurrency of m when certain fortultous sequences occur,

Hallerman has shown that for random requests, the average = =+

througput in a first-come, first-served system is

m 2( )
N = k (m - 1)! :
aveg Egl k ' [1]
| h(m - k)! 0. 56
A fairly good approximation.is Navg =m =, 1f m <45, A better
approximation is by using Knuth's Q function. It is shown that
. i i
2 ' 2 -1 - 1 a-
N v =(fm 1 L (ji) “ -2 m 4+ ¢(m 2) 2] 3!
ave = z ) 5 12 \Zm 135 ( Lee e

A different model is investigated in [47] which allows queuing on

busy models. The expected value for the bandwidth is

. m
AP =t k.kiS(p,x)(,) P p<m
E(B) = S K where t = {

=1 P mlp>m

and p is the number of processors making requests., The’bandwidth
obtained are much higher than those expected‘from Hellerman's
model, .That model assumes that there are at least as many
requests in the request sequence as there are mcmofy modules,
Further, thé assumption of random requests in both models is not
realistie, Although it is difficult to say anything general about
program behaviour, it can be saild that "real programs are not

random in their addressing patterns® [ 5}. If such is the case, the



expected value for the bandwidth would be actually higher than
these two models predict.

The average predicted by the previous models can be improved
by buffering the request sequence and honoring only those requests
which refer to boxes currently available [6]. Fig., 1 shows the
dramatic improvement with only two buffer registers. The éystem,
with the queue selection mechanism, optimizes its own throughput.

Typically, the ordering of the delivery sequence does not
mirror‘the input sequence and détailed prediction;of system
" behaviour becomes difficult, The gross behaviour, on the other
hand, now tends to exhibit a good local statistical distribution.

The sequence can be resorted using a set of buffer registers;
there will, however, additional delays. Whether resorted or not,
there must be temporary identifiers associated with the delivered
words to compensate for the out-of-sequence delivery.

Tﬁis project will try to solve analytically the improvement
in performance on different amount of buffering. Simulations will

be done on the address traces of a program compilation and execution.

N,
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DEFINITION OF IMPROVIEMENT IN PERFORMANCE

Assume that there is a memory system with m ways of inter-
leaving and r buffers lookahead. The efficlency of this buffering
scheme can be put in terms of the "fullness" of the output streamn.
The output stream can be considered as a function of time and is
divided into time intervals &4t, where at is the time between
"sweeping" of adjacent memory modules. If data is being output
during a time interval, then that time interval is "full", other-
wise, a "hole" exists (Fig. 2).

The "fullness' in the output stream is defined by F(r,m)

number of holes in ocutput stream

F(rym) = 1 - -
total number of t in output streanm

We define that Sl to be the state of the memory system
which can make a sucessful reference and 82 to be the state
which will give a hoié in the output stream, S, and S2 are gross
states of the machine. Internal states of 54 and S, consist of
the state of the buffer, the current reference in the request seqg-
uence and the module currently referencing. The state of a buffer
is the maximum number of memory modules it has to traverse before
a sucessful reference can be made. The state of a buffer will
therefore give the probability that a sucessful reference can
be made in the current sweep., We also define #(Sl) and #(32)
to be. the number of occurences in states Sq and 82 respectively,

Therefore
#(5y)
#(S) + #(5,)

The improvement in performance is defined as the ratio of

Flr,m).=




fullness in output stream with buffering and fullness without
buffering, that is
IMP(r,m) = F(r,m)/F(0,m)

The maximum improvement is clearly when the amount of

buffering is infinite,

mp  (m) = Fl@,m)/F(0,m) = 1.0/F(0,m)
max

a

The relative improvement is defined as

RELIMP = (IMP(r,m) - IMP(O,m))/(IMPmaX(m) - IMP(0,m))
since
IMP(0,m) = F(0,m)/F(0,m) = 1.0
v Therefore

RELIMP = (IMP(r,m) - 1)/(IMP__ (m) - 1)



TOOLS IN ANALYSIS

Internal states in S1 and 82 can be defined as a transition
from one to another. A state diagram can therefore be drawn. The
size of the stateudiagram depends on both r and m. r will define
the number of state variable, m will define the number of extent
of each stcfe V%riable. The number of Qtatea is therefore proport-
ional tca?yﬂ Howevers we do not try to distinguish between states
like (a,b) and (b,a). The number of states is therefore slightly
less.'

In state Sl' the number of buffers can define the number
of state variables. The current state of the memory reference in
the request sequeﬁce and the state of the memory sweep can be used
as an input variable. In state SZ’ the number of state variable
equals the number of buffers plus one. The way that the system
can go into state SZ is because a current reference cannot be
satisfied., This reference will therefore add an extra state variable
into Sg.yThe state of the memory sweep is similiarly used as an
input variable. |

The mapping of each state into an‘unique integer is similiar
to the mapping of an r-dimensional tetrahedral array into sequential
storage, A solution for the latter mapping is given in [ 7].

Mépping in Sl is

Ej Sy *r -k
M(siisl‘"“’SY‘> = M(O,O,ro’O) +1<k<( + r o~ k)

> L o -
and ofggr% 5..1¢ cee & 15 m-1

fand

Mapping in S, 1S

M'(S,,S‘L,...,SY,S,«.“) = M'(l,l,..l) +



A

We can agsume for convenicnce that M{(0,0,..¢,0) = W*(1,1,...1,
= 1, There is also an extra state, the fail state in S1 and the

success state in S?.

The total number of states ig therefore:

. - me- 1+ r - Kk
for S, , number of states = 2 +1é%gra(1 -k )

i

Ty m-1+1r -k
2+ 2 )
1ejeepty 2 F T m K

il

for Sz, number of states

Fig. 3 shows a table of different number of states vs. r
and m.

We see that the number of states in S, increases less rapidly
than the number of states in Sl' ‘However, the number of states in
S5» is larger than the number of states in Sq initially.

The transition from one state to another can be represented
in a two dimensional transition matrix. But since the representatior
of a 2 dimensional matrix in a digital computer is limited to the
order of 100 x 100, it is difficult to solve analytically for large
number of register lookahead. |

By the use of transition matrix where element T(i,j) is
the probability of transition from state i to state j, and setting
the fail state (in the case of Sl) or the success state (in the
case of SZ) as the absorbing state, we can use Markov chain theory
to calcuiate:the«number’and variance of steps in which the process
in a transient state.for such an absorbing chain [8].

The transition matrix is of the following form:

® M on
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where Q is a sequence matrix of size k * k, For an absorbing
Markov chain, the fundamental matrix is defined as N = (I - Q)n
where I is the identity matrix of size k * k.

We define nj to be the funcltion giving the total nunber
of times that the process is in Sj (this is defined only for
transient state sj) and Mi(nj) and Vari(nj) is the mean and
variance of the function nj when the chain is started in Sy

It is shown igli8] that
1) éMi(ni)zx N and

J

2) {Vari(nj)}:: N(Zng - 1) - N

where N is an K x K matrix consisting of only the diagonal elements

dg
of matrix N,

We further define t as the function giving the number of steps
(including the original position) in which the process is in a
transient state,

It is also shown in [ 8] that
1) {m ()} =n% =7

2) QVari(w} = (2N - I)T- 7T



where £ is a column matrix of size K, with all elements cqual 1,

If 71 is the initial probability vector for an absorbing

]

chain, and "ﬂ' consists of the last X components of J1 , i.e. 7]
gives the initial probabilities for the translient states, then,
¥

{Hynop =T
L. f .“'
{Varwy(nj)\} = ToN(2Ng, - I) - (1K)
. ' ' )
bug ()] =Ny =TT
ot . v
{var ()] =7 (28 - DT- (7 T)

Utilizing these properties in absorbing Markov chains, we can

>

2

then represent the transition matrices in S1 and S? and calculate

the number of steps before it fails‘or succeeds., The means obtained

will be #(Sl) and #(Sé) respectively.



GENERATION OF TRANSITION MATRIX FOR S
L

In the generation of states for Sl’ some of the states have been
ignored. These states should originally be generated in the following
ways: let there be m ways of interleaving, for the state (a, b, c), if two
of the buffer contents equal the currently referenced module, say b and c,
then b will be referenced and ¢ will take another m-l turns before it can
be referenced again. Therefore the né&t state should be (a-1, Q) instead of
(a-1, 0, m~1). The state (a-1, 0) will undergo m-1 transitions in states
with two state variables before it goes back to states with three variables.
However, this will add an enormous amount of states to the system and will
complicate the system unnecessarily. If we make an assumption that we do
not keep track of whether this can happen, then the transition to state
(a-1, 0, m-1) instead of (a-1, O) can be justified. This will reduce the

number of states used.



Bxmaples will first be shown for the cases of a) r =0,
b) r =1, m=4, and ¢) r =2, m = L&, I will attempt to reduce
the number of states by lumving. A general algorithm for generating -

the transition matrix Pl for Sl Will also be discussed.

Example (a) r =0

The state diagram can be represented as

(/\
///Mipgaef = mern) //~\<3;>

[ a R o Fain
. /// P(ref # menﬂ\\
- .

where ref = current reference in the request sequence
mem = currently referenced memory module.

The transition matrix

_Fail A
Fail | 1 0]
P, = !
1 A " 1
ias L haad m m R
Q = [1/m}
-1 -
Moo= (I-@) =(1-1/m = [n/(n-1)]
JH = [ 12
fi )y = T ) = n/lm - 1) o
. \ . . H 2 o » 2 , } \‘}
fvars (t)] = 72N - )I-(FT) =n/(n - 1) Vo
» i e “\
eg., when m = 4 A N
" LN
(o /e - 4] %1 ‘ O () D
\“W'(t)} =4/3 = 132 CoN ,ﬂ\\/\;“ .
: 7 A RN
! Var,,(t) = (4/3)"= ]é Q\v’\\\WQ:\ fwf‘\ B
i \ . L )
. //\{G"1
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© B %(,;\
/'/ - N \'\.\7
W 7
/'/\ b



Example (b) r=1, m=h

The buffer can be in one of the Tcur states (0), (1), (2), or (3).
There is an extra state, the fail state.

The transition in states can be represented in the form of a tree.

(O)~«K
/ L \\ A
(0) (3) (3,3) fail
P
e L ey
(0) (2)\w (2,3) fail
L T
(0) (1) (1,3) fail
(0)

Recall that the state of the buffer is the maximum number
of memory modules that the reference has to compare before a match
can be found. The failing state is of some interest; it is a
2-tuple instead of a l-tuple. The 2nd state variable added is
always m-1 (m=4 in this example). The process fails because
there is an extra reference in the request sequence and the
contents of the buffer cannot be matched with the currently
referenced module. States (1,3), (2,3) and (3,3) therefore are

the only states that the process can start in SZ'



initial | final explanatinn probability
state stato
(0) (0) ref, = men 1/4
(0) (3) ref, # mem, ref, = mem 3/ . 1/4 = 3/1
(0) (3,3) fail | refq # mem, ref, # mem 3/4 . 3/ = 9/1
(3) (0) buf = mem 1/3
(3) (2) buf # mem, ref, = mem 2/3 . 1/h = 1/6
(3) (2,3) fail | buf # memn, ref # mem 2/3 . 3/ = 1/2
(2) . (0) buf = mem - 1/2
(2) (1) buf # mem, ref, = mem 1/2 . 1/b = 1/8
(2) (1,3) fail | buf # mem, ref, # mem 1/2...3/4 = 3/8
(1) (0) buf = mem 1
The transition matrix can be put together as:
(0) (1) (2) (3) Fail
(o) [ 1 0 0 3/16 9/16 ]
. (1) 1 0 0 0 0
1 (2) 1/2 1/8 0 0 3/8
(3) 1/3 0 1/6 0 1/2
Fail | 0 0 0 0 .
(3) (2) (1) (0)
(3) I 0 1/6 0 1/3
(2) 0 0 1/8 1/2
o =
(1) 0 0 0 1
(o) | 3/16 0 0 1/




3/0 1/8 1/64 7/16
15/128 11/16 11/126  5/8 |
-1 256 | 3/16 1/32 W3 /64 1 {
N = (I -Q) =171

| 3/16 1/32 1/256 1 J

" 85/6L |

286 97/64
= N3 = 45
121/64
| 313/64

]

We can assume that [ o = (0 0 0 1) which means that it starts
"1

initially in state (0). (The calculation of initial probability

vector )] is investigated later).
{MTfs (i)k = 256/171 % 313/256 = 313/171 = 1.83
51
2
{Var_+ ()} = 5.01 - (1.83)" = 1.67

Examole (¢) »r =2, m =4

The buffers can be in one of the 10 states: (0,0), (0,1), (0,2),
(0,3), (1,1), (1,2), (1,3), (2,2), (2,3), (3,3). There is an extra
state, the fail state.

The transition in states can be represented as:



(0,2) (2,2) (0,3) (2,2,3

fail

(0,1) (0,%) (1,1) (1 1,3) (0,0) (0,1) (1,

(0,0)
e N
/," \\ T
N
// N\
(0,0) 3,3,3)
Q i

(0, ?)

7N

7
,Ld.lj
(0,2) (0,2) (0,3
The interpretation of the statcs i

~~~~~

e g

/ \\\
(2,3,3) (2,7)
fail %
Y
/’/// ]
// / f
(1,72,3) ( 1) (0,2)(1,2)(0,2) (¢
fzil
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state

final explanation

state

PR SR

probability

i
. !
| :
(0,0) 1(0,0) reflﬁimem L1/
| _ ;
}(0,3) ,rofl% merm , ref?: mem b3/l 1/h = 3/16
| ! - i
2(3,3) Eref1% mem, refz# mem, refBS mem ; 3/4%.. 3/, 1/4 = 9/64
| _ ,
E(B 3,3) %refi% mern, refz% mem, ref}% memn E 3/ . 3/b . 3/ = 27/6U
l fail { ! '
R Hi\ - N._r,v, et e ook 1 e e o S 1 b B . 2000 8 1 et 6 e N.,_},,..VNW vt vt o e e e g s —— s
(O 1)§ (O O) ibuf = mem 2 1
(O.i)} (0,0) Ebuf = mem | ! 1/i o
| . i . ‘
ivi1 i(O,iwl) ibuf # mem, refl = mem b(1 - 1/i) /4
i . 1
H f ]
P (i-1, 3)  ibuf # mem, ref % mem, ref,= mem ! (1 - 1/1)(3/8) (1/4)
I { f
P (i-1, 3,3) !bufs mem, ref % mem, ref % mer F(1-1/1) (3/4) (3/4)
i fail ! ;
(1,1) ! (0,3) ouf = mem by S
o e ,‘ T e e ! i e - e ! A e s ¢ me T bt AN T e e w33 AT Mok o Wi £ 2 e £ DR gk e o gy
(1,1) %(0,3) gbuflﬂ mem, buf = mem ? 1/1 ' ’
! i i
i71 1(0,i-1) gbuflwmem bufzfmem Pl o~ 1/3
- ; P e, SV B e
(i, 30 (0,i-1) {buflm mem, buf, % mem } (1/1) (171737
i | n
i E(O,j»l) ibUil # mem, buf,= mem E (1/3) (1 - 1/1)
i i |
1 (0,3) ibufy= mem, buf = mem : (1/1) (1/3)
{ ! |
| ] i
: | |
1 ) i
i ] H
{ ! f
1 I H
| | i

buf # . mem, ref, = menm

j-1,3)buf 3 mem, ref; # men

(1-1/1) (1-1/3) (1/4)
(1-1/1)(1-1/3)(3/1)
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the transition metrixz 2. will be discussed,
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The state diagram cen be renresented as:
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arce consccutive memory modules,
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v// POREF # MEM, )
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The number of states is a function of the number of ways

interleaving, The transition matrix is:

(n) (B) (c) Success
(A) n 2/ 0 1/%
(B) 0 0 1/2 1/2

= (@ 0 0 0 1

Success 0O 0 0 il
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L computer solvution has shovm that for m up to 32,

IMPﬁqv(m) satisfics the equation, IMPYpY(m) = 0.5(m+1)

Ga L I Q SEw

r=1, m='
There sre 2ltozether 7 ctates (1,4) (1,2) (1,3) (2,2) (2,3)
(#,3) success. The nrocess cen only stert at initial stotcs of

(1,7) (2,%) 2nd (%,%). This is becausc the last state variable
in the initial states must be 3, The last state variable indicates
the state of the memory reference in the input request stream

when the process falls in 5.
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Reduction of the numver of states by lumping

The criteria for lumping states has been considered before. Applying
this to the transition matrix for the case r=2, m=li, we see that the states
(L, 1, 3), (1, 2, 3) and (1, 3, 3) can be lumped together. This is because
these states always succeeds in going to the success state and also one of
its state variable is 3 which means that no other states can transfer to
this state in S, (they are initial states only). The reduction does not have
significant eff;cts because the number of states in 82 is much larger than
the number of states in Sl when r is large.

States lumping can only be applied when the mumber of state variables
is greater or equal to 3. Since the first state variable must be a 1 and
the last state variable must be a 3, the amount of reducation therefore
equals the number of states in S, for r-2. The amount of states reduction

2

and the number of resulting states for 32 is shown in Fig. 5.

Fig. 5 Table of amount of states reduction and the resulting number of

states in S5,
[y

mem L 8 16
reg 2 3 L 5 6 7/2 3 L 5 6 71 2 3 L 5
reduction |3 6 10 15 21 287 28 8L 210 L62 9oh| 15 120 680 3060

resulting {8 10 12 1L 16 18 [78 183 379 715 1255 2080|665 2941 10949 35701
no. of
states
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The rumber of states in the trarsition matrix of 5. is very large, the

ere 1t is necessary to investigate the apvroximate technigue so that a lower

?"{}

bourd can be found (the upper bourd for the efficiency has tes: found before).

The transition matrices of Sl for the cases of r=2, ==k ard r=3, m=bLt are

shown in Pig. 9 and Fig. 10. Roth these mairices has been shown before. The

econd matrix has beern shown in a slightly different way tran tefore where the
rows and columns are defined bty a mapring function. Both matrices in here are
shown with rows and columns in ascendirg order of the state variables,

By subdividing the two matrices into four regions according to the first
state variable, we see that in regions TI-IV, there is no transition back to
the region itself and all transitions are directed o regions of lower order,
especially to region I. Further, the probabilities for the transitlons from
region T *o other regions are very small. Therefore little error will be incurred
i we lump states which has the first state variable non-zero logether. Fiz. 11

shows the mamber of states resulted by such reduction,

s

The resulting amount of reductions is significant. However, sometimes

the mmhor of states is so large that by lurmping siates with the first state
variable non-zero is not enough., The second row in Fig. 11 shows somre of the

reductions by lumping states with the first two state variables non-zero, The

rror incurred by lumping rore states together will be bigzer. For those

it

comoinations of m and r such that the resulting number of staites are already
srally, no reduction is necessary. Alterratively, thes matrix size can be fixed,
and states exceeding that size are lumped. The second scheme will have a higher

accuracy than the first. The exsct difference will pot be investigated.

Fig. 11 Table to Show the Resulting Fumber of States found by Svoroximation of
Transition Matrix of Sw«
X represent that reduction is not possible for this ccombinaticn of m and r.
m 5 3 i
5
T 23Lhs56T7R2 3 % 5 6 T{2 32 % 502 3 Lp2 312 3p2(2
resultinzg no.
of states by ‘ )
lumping states 13 4556 7 816 10 15 21 23 35 10 20 33 5615 35 70121 5C 28 8h130 b5 12
with 1st stote
variabls £ 0
resulting ro. ?i !
of states by | !
t"““ -, MV ‘“"" =
lwaping states (X X XXX XX 5 L ¥ ¥ X|{ X 1: 19 20] ¥ 23 k8] X h8§ L7580 XX
with lst and 2nd
state variablefD | i




LAl

o generate a consistent wodzl when states are lumped, we will let Pt(i/j)

e the probability of going from j to i. Suppose that we want to lurp the zet of

states X = {1, 2, 3 ... i} together into a single state I, we will have in state

T three different types of transitions:

1.

Thogse transitions x < y where %, yv2 X will be lumped into a single transition
I => T with probability equals 1 - probability of all outgoing transitions
(Fig. 12a). We will also éssume that for any of the transitions going to I,

it is equally likely to be in any of tke states in X, i.e. Pt(I/l) = Pt(1/2) =
oo = P(T/1) = 1/i .

Those transitions z - x where z¢ X and x< X will be lumped into a single
transition x = I by adding the transition probabilities, i.e. P%(I/z) =
Pt(l/z) + Pt(Q/z) + e Pﬁ(i/z). (Fig. 12b)

Those transitions x - 2z where 24 X ard x<€ X will be lumped into a sirgle

b

i

transition I = z by averaging the transition probabilities, i.e. P+(z/i)
Pt(x/l)Pt(l/z) + Pt(I/2)Pt(2/z) Foewe + Pt(I/i)Pt(i/z). But since P;(I/l)
Pt(I/Q) = e = Pt(l/i) = 1/i, we have Pt(z/I) = ( Pt(l/z) + Pt(2/z) + .,
Ph(i/z) )/i. (Fig. 12¢)

it

Fig. 12 Strategies in lumping states of 8,
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o
£

000
001
002
003
011
012
013

2

000 001 002 003 Ol1 012 013 022 023 033 111 112 113 122
1,00
lo.s 0.125 0.0k 0.07
0,333 0.167 0.125
1.00 -
0.5 0.5 e
0,667 0.333
0.5 0.25 0,063 0.0h7
0.167 0.333 0.167 0.083
0.l 0,111 0.111
o Yol e o
0.5 0.5
0.667 0,333 \Miﬁ,
0.25 0.5 0.25 .
0.333 0,167 0.333 0,167
O. W4 O,y 0,111

| 0.375 0.375 0.125 0,031
0.083 0,333 0,167 0.167 0,083 0.0z
0.222 0.056 0,222 0,222 0,055 0.05
0.4kl 0,202 0,037

Tig. 10 Transition matrix for 5, , T

133

[E———t

223 233 333
0.1
0,094
0,083
1
m
m
m
w%w
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In the examples for the generation of the transition matrix for SQ, W
see that the state diagrams are rot "totally connected”. There is a subset
of states which can be the initial states znd the next states that can go from
these initial states are all disjoint (except the success state). Thersfore
it is more comvenient to calculate the number of steps to success for each
sub=-gtate diagram and then find the weéighed average of each. The maximum size
of the transition matrix will be (m=1l) (m-1) and the maximm rumber of iterations
will be the total number of possible initial states. The rmumber of iterations can
be quite large in some cases. To reduce this, more than one initial states
can be considered at one time. e gize of the transition matrix generated
by segmentation will be decreased exponentially (the size of the matrix equals
the square of the mumber of states) and therefore the time to find the inverse

will be smaller.



COMPUTER SOLUTION

Becsuse of the large number of states, = computer soluticn is
necessary. Fig. 6 snows the results of the computer solution. $sl and $s2
are the number of states in Sy and s_. The matrix size is limited to 90 x

2
The choice of the value 90 is arbitary; it is limited by the central memo
size of CDCOLOO computer on which the analysis was done. Approximaticn wa

used whe

two instances where approximation is needed, namely, when reg =

5. The solution shows that an error of about 5 to 10 %

mem

Pig. 7 shows a graph of the relative improvement vs. the number

5, 6 f
is

of way

n the matrix size was above 90. In the solution, there are only

or

involved.

s

of interleaving. Fig. 8 shows a graph of the relative improvenent vs. the

number of register lookahead. The next section will try to extrapolate

the results obtained and to find a closed form solution for the relative

improvement.
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) For the m=2, ccsume thot it hoo en zxnonervinsl
-+ 4 £ ' ”‘}‘)lﬂ
aolution. Zounticn is of tha form = 1 -
" e ey, A T P e b
vhere b is o wositive constont,
Substituting
"= 574020 = 4 . AP Yo 9l
o= . PRl ! ) O e T v
DIOVCYYY A L P
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O o
0.90%026 =
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=/ LO52781 = 1~ e_¢ = 0.76113
r=51 0.975378 = 1 -~ o 7 o= C,70042
1"‘::6: O . 988235 -z 1 — B :.; }) 4

4

H
v,.JJ -

=7 0.994122 = e
b) For the cese m=4, emuation ig of the fomm
D 0,5 ﬁqmaﬁ = 1 - ho= 0,4RB70
=t 0. = 1 - b o= 0,45025
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TRACE DRIVEN 3TMULAT

As a general yule of thumb, the less the vehavior of a system is
known, the more likely simulation is needed. The more complicated s system

is, the more "microsccpic' the simulation must be. A further advantage

L2

3

in simulation is to verify our theoretical results. Qur assumption in
deriving the theoretical Markov model is that the memory accesses are
random, On the other hand, memory accesses in real programs are more

sequential in nature. Therefore, we can expect a better result in simulation.

A set of 17,000 traces was used to run the simulation. The trace
was gotten from a CDC7600 Fortran program. The distribution of the type

of memory accesses in the trace is as follows:

Type of Memory Access Number % of total
Instruction fetch (new access) L572 27.1

Instruction fetch (no access necessary,
instructions fetched in previous

access) 7839 46 .l

Operand fetch 2981 17.6
Operand store 1510 8.9
Total 16502 100.0

Fig. 9 shows the results from such a simulation. Pig. 10 shows
g graph of the relative imporvement vs. the nuzmber of ways of memory
interleaving. Fig. 11 shows a sinilisr graph of the relative improvement vs.
the number of register lookahead. If these two graphs are compared with

¢

7 and Fig. 8, a significant imorovement is seen.

Some of the curves in Pig. 10 and Fig. 11 do not represent actusl
values. This is because approximation is applied at these points. Therefore

the curves are not as smooth as what it should be.

_ p N . . o~ -

Note: It tokes an average of 75 seconds CPU time on a CDCAHLOO to simulate
for one set of paramenters (register-menory Dalr) using a set of
17,000 traces.
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CONCLUBION AND

An int system for interleaved memory has heen

e e L - oy £ 3
n that for random reguests, the imp-

analyzed in

rovenent in verformance is significant. For real programs, because of the
sequential. nature in memory accesses, the improvemenit is even greater.
However, the number of states in a Markov chain solution is very large.
The space and time constraints on a computer therefore prohibit a

solution for some of the memory-register combinations. A closed form

solution is also not possible in such an analysis.

In order to obtain a closed form solution for our system and also
to confirm the analytical results, we can use gueuing theory to obftain an
alternate solution. The system can be viewed as a set of queues to eact
memory module., The sum of all the "customers’ waiting in the queues nust
equal the number of buffers. There is also a request queue. The improvement
can be found by assuming certain distributions for the arrival times and

he gervice times.

Burnett and Coffman nave prcposed a memcry system containing
two separate queues, the instruction request gueue and the data request
queue. They showed that there is significant value of s eparately grouvning
instruction and data requests when accessing the memory. Ve can apply this
approach to our model. Since data accesses are more random than instructicn

zccesses, it would be beneficial to see the effect of increasing the amount

of buffering for the data area. This is more cost effective than increasing



oy

Tn order to fuily understand the feasibility of our model, we

must also look into the implementation aspect. The buffers are added in
between the processor(s) and the memories. Thnerefore its design can be
indeperndent of both the configuration of the processor(s) and the memories.
However, the speed must be compatible s0 that it will not introduce a bottle-
neck. The buffers can be implemented with associative memory. Alternatively,

this cperation can be pipelined.
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(9) A. Ralston, "A First Course in Numerical Analysis", McGraw Hill Book

Co., New York, 1965.



