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Theorem 7.1 For any closed interactive system with IN terminals,
N 1
< ] :
X < mm(D+E[Z]*Dm)
E[R] > max (D, N : Dnux — E [Z]).

Importantly, the first term in each clause ( 'ﬁ%[z or D) is an asymptote for small
N, and the second term ( or N + Dyax — E [Z]) is an asymprote for large N.
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The following measurements were obtained for an interactive systemn®:

» T = 650 seconds (the length of the observation interval)
* By = 400 seconds

» Birmdiax = 100 seconds

w Em* = 600 seconds

* U = Cu = 200 jobs

- Gﬁhwﬂi;k — E.Uﬂﬂ'jnhs

* Chasisc = 20,000 jobs

» E[Z] = 15 seconds

= N = 2 users



In this sxample, we examine four possible improvements (modifications) — hence the
name “modification analysis.”

1. Faster CPU: Replace the CPU with onc that is twice as fast.
2. Balancing slow and fast disks: Shift some files from the fast disk to the slow

3-

4I

disk, balancing their demand.
Second fast disk: Buy a second fast disk to handle half the load of the busier

existing fast disk.

Balancing among three disks plus faster CPU: Make all three improvements
together: Buy a second fast disk, balance the load across all three disks, and also
replace the CPU with a faster ane.
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By = B/ C = 400 sec/200 jobs = 2.0 sec/job

Dtowtisk = Basoine/ C = 100 sec/200 jobs = 0.5 secfjob

Diagtssk = Bramaise,/ T = 600 sec/200 jobs = 3.0 secfjob

E [Vipu] = Cop/C = 200 visits /200 jobs = 1 visit/job

E [Vigedisk] = Cliowaine/C = 2,000 visits /200 job = 10 visits/job

E [Vt = Chisgisk/C = 20,000 visits /200 job = 100 visits/job

E [Sepu] = Begn/Clopa = 400 sec/ 200 visits = 2.0 sec/visit

E [Siowdisk] = Baowdisk/ Culowsx = 100 sec /2,000 visits = .05 sec/visit
E [Spusisk] = Brnstiar | Crnsrne = 600 sec /20,000 visits = .03 sec/visit

& B B B &
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1. Faster CPU: Originally, Dg, = 3secfjob, D =055 N*= @ =T N.
Doy — 1 sec/job does not change [y, = 3 sec/job. Notice that N* hardly changes
at all. The fast disk is the bottleneck. We can never get more than 1 job done every
3 seconds on average.



2. Balancing slow and fast disks: Shift some files from the fast disk to the slow disk,
balancing their demand. To do this we need that

Viow + Viag = 110 as originally
but Siow - View = Spam + Viaw because we are balancing the demand.

Solving this system of linear equations yields the new demands D, = Dy =
2.06. Now, Dy, = 2.06 sec/job, although I increases slightly because some files
have been moved from the fast disk to the slow disk,



3. Second fast disk: We keep [y, = (.5, the same as before. However, we buy a
sccond fast disk to handle half the load of the original fast disk. So now

Dt = Dy = 1.5 secljob.
Thus our new Lpy is 2.0 sec/job (the CPU becomes the bottleneck).



4. Balancing among three disks plus faster CPU: We now make the CPU faster and
balance load across all three disks, so

View + Viagey + Vige = 110,
Saiow * Vitow = Saent * Viwn = Sawz + Viso-

Solving these simultaneous equations yields: Dgug = Daer = Dy = 1.27. S0
Dy = 1.27, since we cut D, to | already.




A graph of the results is shown in Figure 7.5. Assuming NV is not too small, we conclude
the following:

* Change ] is insignificant.

* Changes 2 and 3 are about the same, which is interesting because change 2 was

achieved without any hardware expense.
¢ Change 4 yields the most dramatic improvement.
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Figure 7.5. Throughput and response time versus N, showing the effects of four possible
improvements from the harder example, where the improvements are labeled 1, 2, 3, and 4.
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