6.826 Principles of Computer Systems Fall Semester, 1993

Lecture 6: September 29, 1993

Lecturer: Professor Bill Weihl Scribe: Thomas Lee^1

1 Handouts

The handouts distributed today were:

• Handout 16 Basics of Performance Analysis • Handout 17 łQueueing in Networks of Computersž by Denning • Handout 18 Solutions to Problem Set 1 Other handouts relevant to this lecture include: • Handouts 12 History Variables Denning’s article, in particular, was recommended as an article for review of the topic as well as for identifying articles for further reading, as the course itself will only brieŕy touch on performance.

2 Overview

• interlude re: use of dummy variables in proofs of an implementation. • performance issues.

3 History Variables

Our technique for proving that an implementation satisőes a speciőcation entails deriving an abstraction function (AF) and, perhaps, a rep invariant, to relate the implementation and the speciőcation. But what happens when we cannot őnd an AF?

1Professor Bill Weihl was sick today and the class was canceled. Fall 92 notes on lecture 6 prepared by Thomas Lee are extracted.

3.1 The Need for Dummy Variables

Consider the following example:

SPECIFICATION: Values are inserted as SEQ Int and the mean is returned.

v: SEQ Int := {} Add(i) ⇒ v := v ++ i Mean() ⇒ Int = P8^v v v.size IMPLEMENTATION:

total, n: Int := 0 Add(i) = total := total + i; n := n + 1 Mean = RET total n In this example, we can’t őnd an AF because there is no way of extracting the set of integers in the speciőcation (SEQ INT) from the second integer in the implementation (n). The problem is that the speciőcation contains more state than is necessary. But criticizing the speciőcation for being poorly written is not an acceptable response. The purpose of the speciőcation, after all, is to make life easy for the client Ð it is not supposed to be written to simplify the task of proving that a particular implementation satisőes it (although it would be nice if it did).

3.2 History Variables

The solution is to use a dummy variable. Though we may not always be able to őnd an AF directly from the implementation, it is ALWAYS possible to modify the implementation by adding dummy variables to that we may őnd an AF. Because dummy variables do not actually affect what is happening within the implementation Ð they don’t change anything, we need not implement anything.

Our general strategy will then be to create a new implementation, I_H by adding history variables to our original implementation I and then prove by conventional means, that I_H satisőes the speciőcation. If I_H satisőes the speciőcation, we may be certain that I does as well, because we construct I_H in a manner explicitly to insure that I is equivalent to I_H .

Our new implementation I_H will therefore be modiőed in the following way:

Add to the implementation VAR v: SEQ Int: I{}, v.size = n. Change: Add(I) = total := total + i; n := n + 1; v := v ++ i

Here, we simply substituted a variable for the entire abstract state of the speciőcation. This technique ALWAYS works. However, such a drastic measure is usually unnecessary. A smaller change will usually sufőce.

In general, the rules for history variables (HVs) are such that:

• Ordinary variables may affect HVs but HVs may NEVER affect ordinary VARs • There may be no HVs in the right hand side of an assignment statement to a normal VAR. • HVs should raise no exceptions.

• Nothing should return an HV (as the value of a RET). • An HV may not occur in a guard.

• HVs should be łtotalž in that their being undeőned should not disallow an otherwise possible transition in the implementation.

3.3 Equivalence of I and IH

To formally prove that I and I_H are equivalent, we extend the state space of I (s) to (s, h) by applying the following rules:

1. if s ∈ Init (the set of initial states)

then (s,h) ∈ Init_H (initial states of I_H ) 2. if s → s’ is a transition in I,

then ∀ h | reachable(s, h) → (∃ h’ | (s, h) → (s’, h’) is a transition in I_H ) This is what was implied by requiring that HVs be total.

4 Performance

What do we mean when we use the word łperformancež? Performance typically has two components:

1. Bandwidth (aka. throughput) Ð how many per second? 2. Latency (aka. response time) Ð how many seconds?

4.1 Examples where Bandwidth and Latency are used

1. Pipeline, as in the execution of instructions. 2. Main memory of a computer. 3. Disk.

4. Remote procedure call (RPC) of request-response. 5. Airline reservation system.

6. Professional journals. Publication of papers. Latency to the author is measured in the number of months or years taken to review an article for publication. Throughput from the perspective of the journal may be measured in papers published per issue or per year.

4.2 The Golden Rules of Optimization

1. Know how good of an approximation you need.

10% is generally good enough. 1% is highly unlikely. The task of optimization may be greatly simpliőed if you know what can be neglected and what must be included.

2. Costs do total up. In calculating the cost of a complex sum, people tend to over-estimate system effects and ignore aggregate estimates. To get the performance of T, sum the performance of T’s components: T = X_{8i Ti} The caveat to this rule is that it is OK to simplify complex tasks to optimize or evaluate them.

3. Look for Common Cases (80/20 rule). On average, your system will spend 80%of it’s time on 20% of the code. In fact, more often than not, the number is more like 3% of the code. Therefore, much of the system may be ignored when calculating efőciency and attempting to optimize.

4. Benchmark. Measure performance. Use counters to őnd the common cases. The canonical example here is caching.

Look for things that are overwhelmingly frequent or are easy to implement.

Time total:

T = t_f P_f + t_sP_s

= tf (1 + [ t_s t_f − 1]P_s)

P_f = prob of fast path, P_s = prob of slow path, P_f + P_s = 1 t_f = fast time, and t_s = slow time.

In most cases, t_s t_f is very large and subtracting 1 makes no difference overall.

4.3 Bottlenecks

Bottlenecks are an extreme form of the łcommon casež rule noted above. The classic example of a bottleneck is in a network where one machine can restrict ŕow throughout the network. Two solutions are to either place a higher performance machine at the bottleneck or attempt to distribute the load at the bottleneck amongst several machines.

In general, it is not a good idea to run nodes at 100% throughput because nodes will inevitably become backlogged.

Consider an engine servicing requests from a queue. If we assume a request every 100 ms. and the ability to process a request that quickly, then the engine will be able to keep the size of the queue at either 1 or 0 depending upon how the counter is incremented. However, once requests become distributed randomly Ð for instance, each individual request is a random variable that obeys the Poisson distribution Ð then the engine alternates between dead time where it idles because there are no requests in the queue to process, and a series of requests that arrive one after another resulting in a backlog. This worsens the latency.

Typically, roughly 50% utilization is acceptable. At utilization over 80%, the backlog may build up to unmanageable levels, resulting in long response time.

4.4 General Comments on Performance

Optimization is not, in general Ð and with speciőc reference to utilization, very rewarding work. Not only is it very difőcult, but it is also very complex. Moreover, the rapid pace of innovation in the computer industry contributes directly to the futility of large investments into optimization. This is not to say that optimization is bad or unnecessary. It is merely to suggest that people should consider carefully whether the high costs of engaging in optimization are justiőed in each particular case.