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This document contains the conclusions of the course “Artificial Intelligence 1” held at FAU
Erlangen-Nürnberg in the Winter Semesters 2016/17 ff. Other parts of the lecture notes
can be found at http://kwarc.info/teaching/AI/notes-*.pdf. Recorded Syllabus Win-
ter Semester 2022/23:

# date until slide page
1 19. 10. 2022 intro/admin
2 20. 10. 2022 What is AI?
3 26. 10. 2022 Strong/Weak AI, PROLOG
4 27. 10. 2022 PROLOG, Complexity
5 2. 11. 2022 Grammars, Math Structures Agents
6 3. 11. 2022 Rationality, Agent/Evnt. types
7 9. 11. 2022 Learning Agents, Problems, BFS, UCS
8 10. 11. 2022 IDS, greedy search, A∗

9 16. 11. 2022 local search, games, MiniMax
10 17. 11. 2022 αβ-pruning, MCTS, CSP
11 23. 11. 2022 Constratint Networks, CSP Search/Heuristics, Inference
12 24. 11. 2022 Forward Checking, AC, decomposition
13 30. 11. 2022 Cutsets, local CSP, Wumpus
14 1. 12. 2022 Syntax, Semantics PL0
15 7. 12. 2022 Hilbert-Calculus, Natural Deduction
16 8. 12. 2022 Sequents, Test Calculi, Tableaux
17 14. 12. 2022 Resolution, PLNQ
18 15. 12. 2022 Logical/Formal Systems, DPLL
19 21. 12. 2022 Clause Learning, FOL Intro
20 22. 12. 2022 FOL Syntax/Semantics, ND
21 11. 1. 2023 FO Natural Deduction/Tableaux
22 12. 1. 2023 Unification, Tableau Implementation
23 18. 1. 2023 Resolution, Prolog
24 19. 1. 2023 Knowledge Representation & Semantic Networks
25 25. 1. 2023 Semantic Web, ALC Syntax
26 26. 1. 2023 ALC Inference, Planning Intro
27 1. 2. 2023 Fluents, Frame Axioms, STRIPS
28 2. 2. 2023 induced search problem, POP, PDDL
29 8. 2. 2023 relaxing in planning, furniture coloring
30 9. 2. 2023 belief states, real world planning/acting, recap 668 7
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22.1 What did we learn in AI 1?
A Video Nugget covering this section can be found at https://fau.tv/clip/id/26916.

Topics of AI-1 (Winter Semester)

� Getting Started

� What is Artificial Intelligence? (situating ourselves)

� Logic programming in ProLog (An influential paradigm)

� Intelligent Agents (a unifying framework)

� Problem Solving

� Problem Solving and search (Black Box World States and Actions)

� Adversarial Search (Game playing) (A nice application of Search)

� constraint satisfaction problems (Factored World States)

� Knowledge and Reasoning

� Formal Logic as the Mathematics of Meaning

� Propositional logic and satisfiability (Atomic Propositions)

� First-order logic and theorem proving (Quantification)

� Logic programming (Logic + Search; Programming)

� Description logics and semantic web

� Planning

� Planning Frameworks

� Planning Algorithms

� Planning and Acting in the real world

Michael Kohlhase: Artificial Intelligence 1 664 2023-04-18

Rational Agents as an Evaluation Framework for AI

� Agents interact with the environment

General agent schema

https://fau.tv/clip/id/26916
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Figure 2.1 Agents interact with environments through sensors and actuators.

there is to say about the agent. Mathematically speaking, we say that an agent’s behavior is
described by the agent function that maps any given percept sequence to an action.AGENT FUNCTION

We can imagine tabulating the agent function that describes any given agent; for most
agents, this would be a very large table—infinite, in fact, unless we place a bound on the
length of percept sequences we want to consider. Given an agent to experiment with, we can,
in principle, construct this table by trying out all possible percept sequences and recording
which actions the agent does in response.1 The table is, of course, an external characterization
of the agent. Internally, the agent function for an artificial agent will be implemented by an
agent program. It is important to keep these two ideas distinct. The agent function is anAGENT PROGRAM

abstract mathematical description; the agent program is a concrete implementation, running
within some physical system.

To illustrate these ideas, we use a very simple example—the vacuum-cleaner world
shown in Figure 2.2. This world is so simple that we can describe everything that happens;
it’s also a made-up world, so we can invent many variations. This particular world has just two
locations: squares A and B. The vacuum agent perceives which square it is in and whether
there is dirt in the square. It can choose to move left, move right, suck up the dirt, or do
nothing. One very simple agent function is the following: if the current square is dirty, then
suck; otherwise, move to the other square. A partial tabulation of this agent function is shown
in Figure 2.3 and an agent program that implements it appears in Figure 2.8 on page 48.

Looking at Figure 2.3, we see that various vacuum-world agents can be defined simply
by filling in the right-hand column in various ways. The obvious question, then, is this: What
is the right way to fill out the table? In other words, what makes an agent good or bad,
intelligent or stupid? We answer these questions in the next section.

1 If the agent uses some randomization to choose its actions, then we would have to try each sequence many
times to identify the probability of each action. One might imagine that acting randomly is rather silly, but we
show later in this chapter that it can be very intelligent.
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Figure 2.9 Schematic diagram of a simple reflex agent.

function SIMPLE-REFLEX-AGENT(percept ) returns an action
persistent: rules, a set of condition–action rules

state ! INTERPRET-INPUT(percept )
rule ! RULE-MATCH(state, rules)
action ! rule.ACTION

return action

Figure 2.10 A simple reflex agent. It acts according to a rule whose condition matches
the current state, as defined by the percept.

trivial; it gets more interesting shortly.) We use rectangles to denote the current internal state
of the agent’s decision process, and ovals to represent the background information used in
the process. The agent program, which is also very simple, is shown in Figure 2.10. The
INTERPRET-INPUT function generates an abstracted description of the current state from the
percept, and the RULE-MATCH function returns the first rule in the set of rules that matches
the given state description. Note that the description in terms of “rules” and “matching” is
purely conceptual; actual implementations can be as simple as a collection of logic gates
implementing a Boolean circuit.

Simple reflex agents have the admirable property of being simple, but they turn out to be
of limited intelligence. The agent in Figure 2.10 will work only if the correct decision can be
made on the basis of only the current percept—that is, only if the environment is fully observ-
able. Even a little bit of unobservability can cause serious trouble. For example, the braking
rule given earlier assumes that the condition car-in-front-is-braking can be determined from
the current percept—a single frame of video. This works if the car in front has a centrally
mounted brake light. Unfortunately, older models have different configurations of taillights,
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Figure 2.11 A model-based reflex agent.

function MODEL-BASED-REFLEX-AGENT(percept ) returns an action
persistent: state, the agent’s current conception of the world state

model , a description of how the next state depends on current state and action
rules, a set of condition–action rules
action , the most recent action, initially none

state ! UPDATE-STATE(state,action ,percept ,model )
rule ! RULE-MATCH(state, rules)
action ! rule.ACTION

return action

Figure 2.12 A model-based reflex agent. It keeps track of the current state of the world,
using an internal model. It then chooses an action in the same way as the reflex agent.

is responsible for creating the new internal state description. The details of how models and
states are represented vary widely depending on the type of environment and the particular
technology used in the agent design. Detailed examples of models and updating algorithms
appear in Chapters 4, 12, 11, 15, 17, and 25.

Regardless of the kind of representation used, it is seldom possible for the agent to
determine the current state of a partially observable environment exactly. Instead, the box
labeled “what the world is like now” (Figure 2.11) represents the agent’s “best guess” (or
sometimes best guesses). For example, an automated taxi may not be able to see around the
large truck that has stopped in front of it and can only guess about what may be causing the
hold-up. Thus, uncertainty about the current state may be unavoidable, but the agent still has
to make a decision.

A perhaps less obvious point about the internal “state” maintained by a model-based
agent is that it does not have to describe “what the world is like now” in a literal sense. For

Goal-Based Agents
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Figure 2.13 A model-based, goal-based agent. It keeps track of the world state as well as
a set of goals it is trying to achieve, and chooses an action that will (eventually) lead to the
achievement of its goals.

example, the taxi may be driving back home, and it may have a rule telling it to fill up with
gas on the way home unless it has at least half a tank. Although “driving back home” may
seem to an aspect of the world state, the fact of the taxi’s destination is actually an aspect of
the agent’s internal state. If you find this puzzling, consider that the taxi could be in exactly
the same place at the same time, but intending to reach a different destination.

2.4.4 Goal-based agents

Knowing something about the current state of the environment is not always enough to decide
what to do. For example, at a road junction, the taxi can turn left, turn right, or go straight
on. The correct decision depends on where the taxi is trying to get to. In other words, as well
as a current state description, the agent needs some sort of goal information that describesGOAL

situations that are desirable—for example, being at the passenger’s destination. The agent
program can combine this with the model (the same information as was used in the model-
based reflex agent) to choose actions that achieve the goal. Figure 2.13 shows the goal-based
agent’s structure.

Sometimes goal-based action selection is straightforward—for example, when goal sat-
isfaction results immediately from a single action. Sometimes it will be more tricky—for
example, when the agent has to consider long sequences of twists and turns in order to find a
way to achieve the goal. Search (Chapters 3 to 5) and planning (Chapters 10 and 11) are the
subfields of AI devoted to finding action sequences that achieve the agent’s goals.

Notice that decision making of this kind is fundamentally different from the condition–
action rules described earlier, in that it involves consideration of the future—both “What will
happen if I do such-and-such?” and “Will that make me happy?” In the reflex agent designs,
this information is not explicitly represented, because the built-in rules map directly from
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Figure 2.14 A model-based, utility-based agent. It uses a model of the world, along with
a utility function that measures its preferences among states of the world. Then it chooses the
action that leads to the best expected utility, where expected utility is computed by averaging
over all possible outcome states, weighted by the probability of the outcome.

outcome. (Appendix A defines expectation more precisely.) In Chapter 16, we show that any
rational agent must behave as if it possesses a utility function whose expected value it tries
to maximize. An agent that possesses an explicit utility function can make rational decisions
with a general-purpose algorithm that does not depend on the specific utility function being
maximized. In this way, the “global” definition of rationality—designating as rational those
agent functions that have the highest performance—is turned into a “local” constraint on
rational-agent designs that can be expressed in a simple program.

The utility-based agent structure appears in Figure 2.14. Utility-based agent programs
appear in Part IV, where we design decision-making agents that must handle the uncertainty
inherent in stochastic or partially observable environments.

At this point, the reader may be wondering, “Is it that simple? We just build agents that
maximize expected utility, and we’re done?” It’s true that such agents would be intelligent,
but it’s not simple. A utility-based agent has to model and keep track of its environment,
tasks that have involved a great deal of research on perception, representation, reasoning,
and learning. The results of this research fill many of the chapters of this book. Choosing
the utility-maximizing course of action is also a difficult task, requiring ingenious algorithms
that fill several more chapters. Even with these algorithms, perfect rationality is usually
unachievable in practice because of computational complexity, as we noted in Chapter 1.

2.4.6 Learning agents

We have described agent programs with various methods for selecting actions. We have
not, so far, explained how the agent programs come into being. In his famous early paper,
Turing (1950) considers the idea of actually programming his intelligent machines by hand.

Learning Agents
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Figure 2.15 A general learning agent.

He estimates how much work this might take and concludes “Some more expeditious method
seems desirable.” The method he proposes is to build learning machines and then to teach
them. In many areas of AI, this is now the preferred method for creating state-of-the-art
systems. Learning has another advantage, as we noted earlier: it allows the agent to operate
in initially unknown environments and to become more competent than its initial knowledge
alone might allow. In this section, we briefly introduce the main ideas of learning agents.
Throughout the book, we comment on opportunities and methods for learning in particular
kinds of agents. Part V goes into much more depth on the learning algorithms themselves.

A learning agent can be divided into four conceptual components, as shown in Fig-
ure 2.15. The most important distinction is between the learning element, which is re-LEARNING ELEMENT

sponsible for making improvements, and the performance element, which is responsible forPERFORMANCE

ELEMENT

selecting external actions. The performance element is what we have previously considered
to be the entire agent: it takes in percepts and decides on actions. The learning element uses
feedback from the critic on how the agent is doing and determines how the performanceCRITIC

element should be modified to do better in the future.
The design of the learning element depends very much on the design of the performance

element. When trying to design an agent that learns a certain capability, the first question is
not “How am I going to get it to learn this?” but “What kind of performance element will my
agent need to do this once it has learned how?” Given an agent design, learning mechanisms
can be constructed to improve every part of the agent.

The critic tells the learning element how well the agent is doing with respect to a fixed
performance standard. The critic is necessary because the percepts themselves provide no
indication of the agent’s success. For example, a chess program could receive a percept
indicating that it has checkmated its opponent, but it needs a performance standard to know
that this is a good thing; the percept itself does not say so. It is important that the performance

Michael Kohlhase: Artificial Intelligence 1 665 2023-04-18

Rational Agent

� Idea: Try to design agents that are successful (do the right thing)
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� Definition 22.1.1. An agent is called rational, if it chooses whichever action max-
imizes the expected value of the performance measure given the percept sequence
to date. This is called the MEU principle.

� Note: A rational agent need not be perfect

� only needs to maximize expected value (rational ̸= omniscient)

� need not predict e.g. very unlikely but catastrophic events in the future

� percepts may not supply all relevant information (Rational ̸= clairvoyant)

� if we cannot perceive things we do not need to react to them.
� but we may need to try to find out about hidden dangers (exploration)

� action outcomes may not be as expected (rational ̸= successful)

� but we may need to take action to ensure that they do (more often)
(learning)

� Rational ; exploration, learning, autonomy
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Symbolic AI: Adding Knowledge to Algorithms

� Problem Solving (Black Box States, Transitions, Heuristics)

� Framework: Problem Solving and Search (basic tree/graph walking)

� Variant: Game playing (Adversarial Search) (Minimax + αβ-Pruning)

� Constraint Satisfaction Problems (heuristic search over partial assignments)

� States as partial variable assignments, transitions as assignment

� Heuristics informed by current restrictions, constraint graph

� Inference as constraint propagation (transferring possible values across arcs)

� Describing world states by formal language (and drawing inferences)

� Propositional logic and DPLL (deciding entailment efficiently)

� First-order logic and ATP (reasoning about infinite domains)

� Digression: Logic programming (logic + search)

� Description logics as moderately expressive, but decidable logics

� Planning: Problem Solving using white-box world/action descriptions

� Framework: describing world states in logic as sets of propositions and actions
by preconditions and add/delete lists

� Algorithms: e.g heuristic search by problem relaxations
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Topics of AI-2 (Summer Semester)
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� Uncertain Knowledge and Reasoning

� Uncertainty

� Probabilistic Reasoning

� Making Decisions in Episodic Environments

� Problem Solving in Sequential Environments

� Foundations of Machine Learning

� Learning from Observations

� Knowledge in Learning

� Statistical Learning Methods

� Communication (If there is time)

� Natural Language Processing

� Natural Language for Communication
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