VLSI Architectures (Asynchronous Logic) 048878 Winter 2011-2012

Homework 1: Ex. 4.8 — Sample of answers

Student 1
First we analyze the throughput of the fork-join pipeline depicted in Figure 1:
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Figure 1: Fork-join pipeline

In order to obtain the throughout vs. token graph, we analyze the upper branch and the lower branch
separately and then combine.

The upper branch can consume new tokens every FL+BL=10 time units, the dynamic slack of the upper

branch is: %:?
1+ 4,]4
The lower branch can consume new tokens every FL+BL=10 time units, the dynamic slack of the lower
. N 5
branchis: ———===1
BL
1+ %VL 5

The token-throughput graph of the given pipeline is depicted in Figure 2:
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Figure 2: Token-Througput graph of the given fork-join pipeline

The minimum among the curves bounds the throughput of the fork-join pipeline.

Now in order to increase the throughput of the pipeline special buffers with FL=2 and BL=4 are added to
the lower branch of the pipeline.

The buffers can be inserted as shown in Figure 3:
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Figure 3: fork-join pipeline with additional buffers inserted to the lower branch

Applying the same analysis as before we get:

The upper branch can accept new tokens every FL+BL=10 time units, the dynamic slack of the upper

branch is: %:g
1+ %TL
The lower branch can accept new tokens every FL+BL=10 time units, the dynamic slack of the lower
S FL
branchis: — -~ _2x8_38

max(FL +BL) 10 5

The token-throughput graph of the given pipeline is depicted in Figure 4:
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Figure 4: Token-Throughput graph of the enhanced fork-join pipeline

This time the curves for the upper and lower branch of the pipeline are identical. The optimal
throughput of 1/10 is achieved.

In order to achieve the optimal throughput (bounded by the throughput of the upper branch) so-called
slack-matching is applied, 3 buffers are added to the shorter (lower) pipeline branch.

In order to achieve a throughput of 1/12 no extra buffers are required, since this is the throuput of the
original construct.



Student 2

1.

TOP DOWN
Cycle time 10 10
Throughput 1 1
10 10
Dynamic slack 7.2_7_12 42_4_4
10 5 5] 10 5 5

N\

2.

1
In order to achieve the optimal throughput of E by adding buffers to the bottom path, we

need the dynamic slack of the top and the bottom to intersect.
Adding buffers with different performance characteristics creates a range number of tokens

1
that can achieve the optimal throughput ofE. Meaning, we want the dynamic slack of the

top path to be in the range of the dynamic slack of the bottom path.
D.FL, 842N 44N L7

d. = = <—=N<3
max, (FL +BL) 10 5 5
BL,
d=S— Zi : =4+N—32+4N=8+6N=4+3NZZ:>N21Wecan
max, (FL, + BL,) 10 10 5
ISN<3

add [1 < N £3] to get the optimal throughput.



1
3. To calculate how many buffers we need to add to get a performance of 1— we need the

paths' performance graphs to intersect at that point.

To calculate the number of tokens that make this possible, we can use the slops. Notice that
we can have two options, the first is that the top path has the dynamic slope earlier than the
bottom (the top path is bubble limited and the bottom path is data limited), and the second
is that the top path has the dynamic slope later(the top path is data limited and the bottom
path is bubble limited).

1
First we'll calculate the number of tokens for which the top path get a performance of —

Left:LX:i:X:z
14 12 6
Right:——Lor-Dy Lol Ly L1 Ly x ]
10 56 5 12 8 56 12 24 56 3

Now we'll check how many buffers we need to add for to the bottom path to get a

1
performance of E for the same number of tokens as we calculated for the top path:

Lefii— . 1 1 7 =%:14:4+N:>

8+2N 3 12 4+N

Top
right

1 1 7 4+N 1 1 1(11—6Nj 11-6N
- =1=

Right : — — — =—= = =
10 8+4N| 6 5 12 60 8+4N\ 30 4+2N

Top
left

:>4+2N=11—6N:>8N=7:>N=%

7
N is the number of buffers that we must add. We can't add a g of a buffer, therefore this

option is not valid. The only valid solution is adding 10 buffers.
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Student 5
4.8 9o

Fork-Buffers-Join, FL=2, BL=8.

Upper Fork (UF) =7 buffers =» Max T.P.=1/(2+8)=0.1, Token NoO.ax1p=8/(1+8/2)=1.6.
Lower Fork (LF) =4 buffers =» Max T.P.= 1/(2+8)=0.1, Token NO.ma1p=5/(1+8/2)=1.
UF: first slope=1/(N*FL)=1/16, second slope=-1/(N*BL)=-1/64

LF: first slope=1/(N*FL)=1/10, second slope=-1/(N*BL)=-1/40

Total Max: y1=x/16 = y,=0.1-(x-1)*1/40 =» x/16+x/40=0.1+1/40=0.125 =» x=1.43

Y1(1.43)=y2(1.43)=0.089.

AN\

Upper Fork

01 = Lower Fork

LT —

To achieve throughput of 0.1, suggested to add fast buffers with FL=2, BL=4.

If one such buffer is added to the lower fork then:



>i FL;

max(FL; + BL;)’

>_i BL;

§ — :
max(FL; + BL;)’

dm[u —

dmax —

dmin= (5*2+2)/(2+8)=1.2
max=5 — (5*8+4)/(2+8)=5-44:16

And so, when the average no. of tokens is 1.4 , the throughput is indeed 1/10.

To receive a throughput of 1/12 you need to “corrupt” the circuit, since you already have better
thoughput.

If we add enough buffers to the lower fork it will become longer than the upper fork, and it’s slope will
be slower. Then:

Y2=x/3FL = y1=0.1-(x-1.6)*1/64 = 1/12
X=(0.1-1/12)*64+1.6=2.67
SFL=n"*2+5%2=x*12=32

n'=(32-10)/2= 11 additional buffers.

QED



Student 6
FL=2,BL=8
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In order to ensure that we will get throughput of 1/10 we need the dynamic slack of the

shorter pipe to be max 1.4 tokens so we will therefore by adding one more buffer with FL=2
we will get dmin = (4*2+1%*2)/(8+2) = 1.
e To achieve optimal throughput of 1/10 we need 1 more buffer (with FL=2 and BL=4).

10
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Because we need optimal throughput of 1/12 (and we already know that the dynamic slack
of the entire pipe is 1/10).

We need to design the lower pipe so its dmin will be higher than 1.4, and its positive slope
will cross the top pipes negative slope at 1/12.

To achieve optimal throughput of 1/12 we need 11 more buffers (with FL=2 and BL=4).
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Student 8

4.8 Consider a fork-join pipeline with seven buffers in the top branch and four buffers in the bottom
branch. Let each fork and join and buffer have FL =2 and BL =8 . Draw the throughput versus token
number graph for this fork-join pipeline. Consider adding special pipeline buffers with FL =2 and

BL = 4to the short fork. How many are needed to achieve the optimal throughput1/10 ? How many are
needed to achieve a throughput of1/12?

We can see from the figure above that the fork-join pipeline is just like that. For the fork and join also
take time transmit the token forward and translate the bubble backward, we can easily get the length of
the top pipeline is 8 and the length of the bottom pipeline is 5.

So we can get the throughput versus token number graph for this pipeline fork-join as follows:

throughput

tokens

10 5
We can see the intersect point is (7,5) and the maximum throughput is—6 .

14



The throughput versus token number graph for this fork-join pipeline is the common triangle part of the
picture.

The code to achieve this is in the following:

clear all;
title('asnchromous circuit');
xlabel ('tokens'");
ylabel ('throughput');
N1=8;

N2=5;

FL1=0.2;

BL1=0.8;

% axis equal;
x0=0:FL1:N1*FL1;

s y0=1.2;
axis([0,10,0,1/91);
k1=1/(10*FL1*N1) ;
y0=kl.*x0;

plot (x0,v0);

hold on;

grid;
x1=FL1*N1:FL1:N1;
k2=-1/(10*BL1*N1) ;
yl=k2.* (x1-N1);
plot(x1l,vl);
title('asynchronous circuit');
xlabel ('tokens'");
ylabel ('throughput');
hold on;
s0=0:FL1:N2*FL1;
pl=1/(10*FL1*N2) ;
t0=pl.*s0;
plot(s0,t0);
s1l=FL1*N2:FL1:N2;
p2=-1/(10*N2*BL1) ;
tl=p2.*(s1l-N2);
plot(sl,tl);

We can know that adding buffer to the bottom line cannot improve throughput, however, we can do

something to let the maximum throughput of the top and bottom be achieved at the same input tokens.
This is the picture we draw in doing so:

15
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This is using just one buffer in the bottom line.
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This is using two additional buffers in the bottom line.
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This is using 3 buffers in the bottom line.
While adding more buffers cannot get the maximum throughput any more.

To the last questions, we need to achieve the throughput of 1/12. From the picture above, we know that
when N=1,2,3 it is not the case. And we can easily get that when tokens is 3, we can get throughput be
1/12 in the top pipeline. Using MATLAB to sweep N we can get at N=11, we can get the following result:

asynchronous circuit
T T

X 2867 -
(o0
o H

OB oo DN e e N

thraughput

002

8 1
The intersect point is (—,—).
p (3 12)

So we can get the following statement:
The throughput versus token number graph is:
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tokens

And to achieve the optimal throughput, we can add 1 or 2 or 3 buffers in the bottom pipeline.
To achieve a throughput of 1/12, we should add 11 buffers in the bottom pipeline.

18



Student 9

Exercise 4.8

The fork join pipeline is shown in Figure 1. The following huffers, fork and join have the
following specifications:

FL=2;BL=8

Top Branch

Bottom Branch

Figure 1: Fork-Join Pipeline.

To draw the throughput versus token number graph the following metrics

TCL=FL+BL =10

1 1
Throughput = —

TCL ~ 10
DS d >
bottom:—:_:
14BL 1+4
L
bs __ N __ 8 8
p = TTBLT1+4 5
FL

Hence the throughput versus token number graph is shown in figure 2. We can see that the effective
throughput is 5/56 rather than 1/10, due to the fact that there is a bottleneck of buffers on the bottom
branch.

19
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Figure 3: Throughput vs. token number (n=3).

To achieve a throughput of 1/12 then
Flportom = (5+n) -2
Blpottom =58+ n-4
We also know that the BL line of the top branch will intersect with the FL line of the bottom branch, the
equation of the line allows us to the find the point of intersection is (a,1/12)
1
y=—gz(x—8
Substituting y = 1/12 then x = 8/3.
Now, we know that the slope of the FL line is

11
SFL; 10+ 2n

slope =

Then to find the number of buffers to be added find the slope of the line

/12 1
8/3 10+ 2n

This will give us

20




Hence we need a total of 11 buffers in order to achieve a throughput of 1/12. Figure 4 shows the graph

of the throughput versus token number for n = 11.

Throughput = 1/12
0.12
8/5,1/1016 /5, 1/10
0.1 QQ 1126
= 0.08 8/3,1/12
3 \
=
% 0.06
o \ === Bottom
=
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0.02
8,0 \16, 0
0 T T T 1
0 2 4 6 8 10 12 14 16 18
# Tokens

Figure 4: Throughput vs. token number (n=11).
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Student 10
Upper branch:

1 1 1 1
FL=2, BL=8, N=8. The FL slope equals to =—_.The BL slope equals to =——.
NFL 16 NBL 64
. 1 . 16
The maximum throughput equals to ——— = — and achieved for — tokens.
BL+FL 10 10

Lower branch:

1 1 1 1
FL=2, BL=8, N=5. The FL slope equals to = —. The BL slope equals to =——.
NFL 10 NBL 40
The maximum throughput equals to ——— = — and achieved for 1 token.
BL+FL 10
1 1 [/
- Upper Branch
. Lower Branch
1 1.6 5 8

In order to calculate the maximum throughput for the entire system, we first calculate the crosspoint of

the two graphs:

-x 1 x 10
—t—=—=x=—
40 8 16 7

The throughput for the optimal point is:

max (throughput) = g : % = % =0.893
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We now add n buffers to the lower branch (which already have 5 buffers). The new buffers have FL of 2
and BL of 4. The dynamic slack is given by (dmin, Jmax) :

R _(#n)2_(54n)_n
"™ max,(FL,+BL) 10 5 5
> BL
do =(n+5)- L =(n+5)—w=1+3—n
max, (FL, + BL,) 10 5

For maximum throughput we wish that 1.6 will be inside the dynamic slack.

PSP
575 5

n<3<3n = 1<n<3

/10 [T ¥ A~

Upper Branch

[
. Lower Branch n=1
. Lower Branch n=2

Lower Branch n=3

12 16 5 6 7 8

In order to achieve the maximum throughput, we can add 1,2 or 3 buffers.

In order to receive a throughput of 1/12 we have to add more buffers to the lower branch, pushing the
dynamic slack region farther right. We want that the FL line (the uprising one) of the lower branch, will
cross the BL line of the upper one at a point in which the throughput equals to 1/12.

Firs we calculate the number of tokens in which the upper branch’s throughput equals 1/12:

1 1 x 8
— =——— = x =—tokens
12 8 64 3
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1 1
M FL 2(n+5)

The FL slope for the lower branch equals to

1 b %
—= = =>n=11
12 2(n+5) 2(n+5)

Therefore, we have to add 11 buffers to the lower branch in order to receive a throughput of 1/12.
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Student 11
Chapter-4, Exercises 4.8:

1. Consider a fork-join pipeline with seven buffers in the top branch and four buffers in the bottom

branch. Let each fork or join and buffer have FL =2 and BL = 8.

1.1. Draw the throughput versus token number graph for this fork—join pipeline.

2. Consider adding special pipeline buffers with FL = 2 and BL= 4 to the short fork.

2.1. How many are needed to achieve the optimal throughput, 1/10?

2.2. How many are needed to achieve a throughput of 1/12?

Answers:
s1 s2 s3 S4 S5 S6
— SO
s7 s8 s9 §10
FL+BL=10
N 7 7
DynamicSlack,,,, = ——F+=—5=—
1+ BL 1+ 85
FL 2
DynamicSlackg,,,, = % = Lg = 2
1422 14803
FL 2
1 1
Throughput = =

hort-lanel Long-lane BL + FL = 10

Throughput
A Short
s Branch

110

2
2/5 715

| T LK 1 T T T

Find the max throughput of the Fork-Joint system.
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1
TLOﬂg=a°TOkenS_)%0=a'%_)TLong=E-T0kens

1/ _ y T
=</ -Tokens+ 1 1
TShortza.Tokens+ﬂ—>%0 5 ﬂ_>TShM=——'TOkenS+—
O=a-2+p 16 3
Throughput
A Short
- Branch
! 1
110 A T, aﬂbkens Long
T Branch
l Tshon :—L-Tokens +1
16 8
b | T L | T T T T T T T T T Y —
: v 3 4 5 6 7  #Tokens
2/5 715
1
Throghput,,,, =—
15
Throughput
A Short
- Branch
. T,,.. =—Tokens Long
Branch
ms A T~ T
T =*L-Tokens +l
16 8
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To achieve an optimal system throughput of 1/10, by adding additional buffers with different FL and BL.
to the short branch. This will result in non-homogenous short-pipeline. where :

1

> FL,

i

SlOpeShurt =

The short branch throughput is the still the same, sine the worst cycle-time is set by the old FL=2, BL=8
1 1

max (FL, +BL,) 10

buffers. So Throghput,, ,y g0, =

1 1
ZF L, 8+2- C NEW - Buffers
Since the DynamicSlack of the Short-pipeline is fixed to 1/10, The Long and Short slops needs to coincide
in the max point of 1/10 in the

SlopeShort =

Throughput

1 Short Throghput,y g0 =

1
- Branch 10
1710 4 e S Long
Branch

1
ZFL,' - 8+2- CNEW - Buffers i

i

Slopeg,,,, =

1 2 3 4 5 6 7I I#;Tokens

- T,,,, = Slope,, .- Tokens

hort —

1
So: Slopey,,,., = =
stort ZFLi 8+ 2 Uy pugers
The two slopes need to have the same point ( 7/5,1/10), So :

1 1 7
e aNEW—Bufﬂers =3

10 { 8+ 2y s

We need 3 additional stages to have a slope that will allow both short and long pipelines to have a
common pine in (7/6,1/10)

S1 S2 S3 S4 S5 S6

S7 S8 S9 S10 E E E
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We will calculate the slopes of the non-homogenous short pipeline

Throughput 1
4 Short Throehput 1
- Branch &ghnp !V.[AX,SIwr 10

1710 1 & — Long

Branch

1 1
Z FLi 8+2 O NEW-Buffers |

SlopeShnrt =

I 1 A 1 |
z BLi 2-8+4- Q NEW — Buffers

i

28143 28

Finally, the full system.

Throughput
A Short
i Branch Throghput,,\ g0, = E
17110 4 000 e T Long

4 Branch

T

1 K
Long = Lshorr = ﬁ.Toker‘t:v‘_,_,...

! ! v T T T T T LI | T T ™
1 2 5 4 5 6 7 #Tokens
715 11/5
Ty, = —2—8-Tokens +—
The common area for the system:
Throughput
A Short
i Branch Throghput,, g0, = m
110 4 gt T Long

4 Branch

T

1 .
Long = Lshon = §~Toker‘tf‘_,_.._,

Short — 2 8
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Achieving an optimal system throughput of 1/12, by adding additional buffers with different FL and BL
is not possible, since the DynamicSlack if fixed on the short pipe is 1/10 and not, it is a function of
1 1

max (FL, +BL) 10

ThroghputMAX,Short =

Since the old buffers sets this value, we cannot with an additional buffer lower the throughput.
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