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Theorem 7.1 For any closed interactive system with IN terminals,

X < mi:n( i/ - )
E[R] > max (D, N : Duax — E [Z]).

Importantly, the first term in each clause fﬁ%ﬁ or D) is an asymptote for small

N, and the second term (++— or N + Dya — E [Z)) is an asymptote for large N.
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The following measurements were obtained for an interactive system?:

« T = 650 seconds (the length of the observation interval)

* By = 400 seconds Y.
. -Enn-lﬂi:.k = 1(M) seconds n/l ég\? ’
v Beousa = 600 seconds //D Tw (“
» U = C = 200 jobs 29 &(’

/A
* Claouaise = 2,000 jobs
] Gﬁ,mt = 20 E]Dﬂ ;nbs% v Ll/\rt
» E|[Z] = 15 seconds
« N = 20 users
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In this :xample, 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

disk, balancing their demand.

3. Second fast disk: Buy a second fast disk to handle half the load of the busier
existing fast disk.

4. 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 CPL with a faster one.
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Doy = B/ C = 400 sec/200 jobs = 2.0 sec/job

Diowaisy = Bugouaine/ C = 100 sec,/200 jobs = 0.5 sec/job

Diasaisk = Bramaise/ C' = 600 sec/200 jobs = 3.0 secfjob

E [Vepu] = Cep/ T = 200 visits /200 jobs = 1 visit/fjob

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

E [Vasdx] = Chanus/C = 20,000 visits /200 job = 100 visits/job

E [Scpu] = Begu/ Copa = 400 sec/ 200 visits = 2.0 sec/visit

E [Saowdisk] = Baowdisk/ Cuiowsi:x = 100 sec /2,000 visits = .05 sec/visit
E [Stusisk] = Brnsaiar/ Crnsemsre = 600 sec /20,000 visits = .03 sec/visit
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1. Faster CPU: Originally, Dg, = 3secfjob, D =055 N*= @ =T N,
Diegy — 1 sec/iob does not change Iy, = 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 necd that

Viow + Viaa = 110 as originally
but Siiow - View = Spamt + Vi 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 D increases slightly because some files
have been moved from the fast disk to the slow disk.
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3. Second fast disk: We keep D.p = 0.5, the same as before. However, we buy a
second fast disk to handle half the load of the original fast disk. So now

'thﬂl - .ﬂmﬂ - 1-.5 E"..Eﬁ"jﬂb.
Thus our new Ly, is 2.0 sec/job (the CPU becomes the boitleneck).
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4. Balancing among three disks plus faster CPU: We now make the CPU faster and
balance load across all three disks, so

View + Vo + Vige = 110,
Saiow * Vitow = Saert * Vewn = Sawe + Visp-

Solving these simultaneous equations yields: Dggn = Daigr = Dygs = 1.27. So
Dyar = 1.27, since we cut D, to | already.




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

* Change 1 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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X E[R] f\ s\of\’ 2 Tha
T % T 1 23 4 fe
_/ 3 §
2 | v*
1
A
= N Ty > N

Figure 7.5. Throughput and response time versus N, showing the effects of four possible
improvernents from the harder example, where the improvements are labeled 1, 2, 3, and 4,
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