6▷826 Principles of Computer Systems Fall Semester 1992 Lecture 15. November 4 1992 Lecturer. Professor Butler Lampson Scribe. Thomas Lee1

1 Lecture overview Todayφs lecture continues the previous lectureφs use of the ISO Reference model as a framework for discussing how to think about communication in a distributed system▷ In particular todayφs topic completes the discussion on the Network layer▷ Next weekφs lectures should address the Transport and Session layers▷ The two architectures considered today are broadcast networks and switch networks▷ As each architecture is considered it may be helpful to keep the three variables mentioned in the previous lectureφs discussion of networks in mind▷ Those variables are addressing arbitration and avail ability▷ Before proceeding however it might be useful to step away from speciαcs for a moment to add to our general framework for studying communications▷

2 Multiplexing Multiplexing involves the use of a single channel at some layer of abstraction to carry the data for a number of channels in the higher layer▷ For example multiple network layer channels may use the same datalink channel▷ Each message has a header with an address indicating where individ ual messages are being sent▷ The header may also be used to differentiate between whether the document following is an ethernet document or a token ring document▷ In some instances an explicit header may prove entirely unnecessary▷ For example if eth ernet is encapsulated inside a TCP◁IP packet there is no need for Ψexplicitν address headers▷ In such circumstances it is only essential that there be an unambiguous way to parse the mutliplexed message▷

3 Endtoend Reliability Given two disks A and B connected via a network the goal is to move several blocks of bits from Disk A to Disk B▷ One possible way to do this reliably is to verify each step of the transfer separately. reading from Disk A sending over the network and writing to Disk B▷ Such a process is unduly complicated▷ 1These notes make use of two lecture notes from Fall φ91. Lecture 14 scribed by Clifford Tse and Lecture 15 scribed by Uri Blank and Rainer Gawlick▷

Instead we should consider error detection and retry from endtoend▷ This technique involves calculating a check sum that is associated with a set of blocks to be sent▷ After all of the blocks are sent Disk A forwards the checksum to Disk B▷ Side B reading off of its disk recalculates the checksum and compares its own calculation to the checksum received from Disk A▷ If there is any discrepancy between the two calculations retry the entire send▷ This technique is referred to as Ψendtoendν because the check is based upon data at the two ends▷ The cost of this protocol may be calculated as. cost = l + (c)(p) Where l represents the cost of sending once c represents the cost of a Ψretryν and p represents the probability of Ψretryν▷ ↼Note that this analysis is very similar to the fastpath performance analysis▷↽ Optimally we would like cp to be very small▷ A note of caution. the probability of need to retry p is equal to the probability that any one of the n number of blocks being sent contains an error▷ The successful reception of any one block is an independent trial and the probability of retry is equal to the probability of one or more errors▷ It is not the probability that every block fails▷ One possible strategy for minimizing cp is to calculate a checksum for each block rather than for the set of all blocks and require that only the defective blocks be resent▷ Another strategy is to obviate the need for retransmission by forward error correction▷ That is code the data such that it can be reconstructed even if it is corrupted during transmission▷ However this tolerates only a limited category of errors▷

4 Broadcast networks Broadcast networks are commonly used for LANs▷ Often all stations are connected to a common transmission medium in a bus structure▷ Each packet is broadcast to the network and each station listens to the network for packets addressed to that particular station▷ Two common types of broad cast networks are the Token Ring and Ethernet both of which we shall explore in greater detail below▷ 4▷1 General considerations Addressing in broadcast networks is a relatively simple proposition▷ Arbitration on the other hand is extremely complex�a phenomenon in direct contrast to switched networks a second type of network which will also be expanded upon below▷ Because logically broadcast networks simply send every message to every node it is possible to use βat unrouted addressing▷ Each node needs a unique address to send but relies upon each receiver to check the address αeld of every message to determine whether a particular message was sent to the particular node examining the message▷ Despite the relative simplicity of addressing in broadcast networks the question of how to address⋆ is still unanswered▷ One possibility is to simply preface every message with a short address αeld▷ However shorter address αelds exacerbate the problem of insuring that no address is repeated▷ This problem is compounded by the increasing number of nodes on the network today▷ One logical solution is to therefore use large address αelds▷ In particular broadcast networks commonly use a 48 bit address αeld the uid▷ Every ethernet widget has a unique id▷ This at least provides on the order of some 1014 addresses▷ ↼And when they αnally do run out who cares � the company that is making money by assigning addresses will have already made a killing by then↽▷ While addressing is simpliαed in broadcast networks arbitration is greatly complicated▷ This complexity is due to a common trait of broadcast networks � they have only one bus▷ One bus means that messages get scrambled unless the network guarantees that there is only one sender at a time▷ Resolution of the arbitration problem introduces the notion of scheduling▷ There are two issues to consider when scheduling a serializable resource. 1▷ explicit mechanism�a central node which allocates service 2▷ access�insuring that every other node is wired to the central service Because of the tremendous conαguration problems introduced by trying to wire each node in dependently to a central authority researchers at IBM et al▷ introduced token rings▷ 4▷2 Token rings In a token ring nodes are connected via a ring interface▷ The ring is actually a collection of indi vidual pointtopoint links that are conαgured in a circle▷ A special bit pattern called the token is circulated around the ring when the system is at idle▷ To send a message a node must wait until the token reaches it▷ The node removes the token from the ring sends its message and then appends the token▷ By keeping ahead of the token a particular message is sent to every node in the ring▷ Implementing the token ring architecture then has several principle requirements. 1▷ A token that must go everywhere in the ring▷ 2▷ • T⟨⌉∇⌉ ∫⟨≀⊓↕⌈ ⌊⌉ ⌉§⊣⌋⊔↕† ≀\⌉ ⊔≀‖⌉\ ⊒⟨⌉\ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⟩∫ ⟩⌈↕⌉ • Z⌉∇≀ ⊔≀‖⌉\∫ ⊣⊔ ⟩⌈↕⌉ ⇒ \≀ ⊒≀∇‖ ⊒⟩↕↕ ⌉⊑⌉∇ ⌊⌉ ⌈≀\⌉ • T⊒≀ ⊔≀‖⌉\∫ ⊣⊔ ⟩⌈↕⌉ ⇒ ⊔≀≀ ⇕⊣\† ⊔≀‖⌉\∫ ∋↙ T⟨⌉ ∇⟩\} ⇕⊓∫⊔ ⌊⌉ ∫⌉∐⊓⌉\⊔⟩⊣↕↙ T⊒≀ \≀⌈⌉∫ ⇕⊣† \≀⊔ ⌊⌉ √⌉∇⇕⟩⊔⊔⌉⌈ ⊔≀ }∇⊣⌊ ⊔⟨⌉ ⊔≀‖⌉\ ⊣⊔ ≀\⌋⌉↙ △↙ T⟨⌉ ⊔≀‖⌉\ ∫⟨≀⊓↕⌈ {≀↕↕≀⊒ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ √∇⌉⌋⌉⌈⌉ ⇕⌉∫∫⊣}⌉∫ ⟩\ ⊔⟨⌉ ∇⟩\} ⊔≀ √∇⌉⌋↕⊓⌈⌉ ⊔⟨⌉ ⟩\⊔⌉∇{⌉\⌋⌉ ⊒⟩⊔⟨ ⇕⌉∫∫⊣}⌉ ⌈⌉↕⟩⊑⌉∇†↙ A⊔ ↕⌉⊣∫⊔ ⟩\ ⊔⟨⌉≀∇†⇔ ⊔⟨⌉ ∫†∫⊔⌉⇕ ∫⌉⌉⇕∫ ⊣⌋⌋⌉√⊔⊣⌊↕⌉ ⊣∫ ↕≀\} ⊣∫ ⊔⟨⌉∇⌉ ⟩∫ ≀\↕† ⇕⌉∫∫⊣}⌉ ⊒⟩⊔⟨ ⊣ ↕⟩⇕⟩⊔⌉⌈ ⊣⇕≀⊓\⊔ ≀{ ⌈⊣⊔⊣ ⊣⊔ ⊣\† ≀\⌉ ⊔⟩⇕⌉↙ B⊓⊔ ⊒⟨⊣⊔ ⟨⊣√√⌉\∫ ⟩{ ⊔⟨⌉ ≀\⌉ ⊔≀‖⌉\ }⌉⊔∫ ↕≀∫⊔⊥ T⟨⟩∫ ∐⊓⌉∫⊔⟩≀\∫ ⇕⌉∇⌉↕† ⟨⟩}⟨↕⟩}⟨⊔∫ ⊔⟨⌉ ⇕≀∇⌉ }⌉\⌉∇⊣↕ ∐⊓⌉∫⊔⟩≀\ ≀{ ⊖H≀⊒ ⌈≀ †≀⊓ ⟩\∫⊓∇⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ∇⟩\} ⇕⊣⟩\⊔⊣⟩\∫ ⌉§⊣⌋⊔↕† ≀\⌉ ⊔≀‖⌉\ ⊣⊔ ⟩⌈↕⌉⊥⪰ ∋

O\⌉ √≀∫∫⟩⌊⟩↕⟩⊔† ∇⊣⟩∫⌉⌈ ⟩\ ⌋↕⊣∫∫ ⊒⊣∫ ⊔⟨⌉ ⟩\⊔∇≀⌈⊓⌋⊔⟩≀\ ≀{ ⊣ ⇕≀\⟩⊔≀∇⟩\} ∫⊔⊣⊔⟩≀\ ⊒⟨⟩⌋⟨ ⟨⊣∫ ∫≀↕⌉ ⊣⊓↖ ⊔⟨≀∇⟩⊔† ⊔≀ }⌉\⌉∇⊣⊔⌉ ⊔≀‖⌉\∫ ⊣\⌈ ⊔≀ ‖⌉⌉√ ⊔∇⊣⌋‖ ≀{ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⊔≀‖⌉\∫ ⟩\ ⊔⟨⌉ ∇⟩\}↙ S≀ ⊒⟨⊣⊔ ⟨⊣√√⌉\∫ ⊒⟨⌉\ ⊔⟨⌉ ⇕≀\⟩⊔≀∇⟩\} ∫⊔⊣⊔⟩≀\ ⌊∇⌉⊣‖∫ ⌈≀⊒\⊥ F≀∇ ⊔⟨⊣⊔ ⇕⊣⊔⊔⌉∇⇔ ⊒⟨⊣⊔ ⟨⊣√√⌉\∫ ⊔≀ ⊔⟨⌉ ⟩\⊔⌉}∇⟩⊔† ≀{ ⊔⟨⌉ ∇⟩\} ⊒⟨⌉\ ⊣\† ≀\⌉ ≀∇ ⇕≀∇⌉ ≀{ ⊔⟨⌉ \≀⌈⌉∫ ⌊∇⌉⊣‖∫ ⌈≀⊒\⊥ M⊣‖⟩\} ⌉⊑⌉∇† \≀⌈⌉ ⊣ ⊔≀‖⌉\ }⌉\⌉∇⊣⊔≀∇ ⟩∫ ≀\⌉ √≀∫∫⟩⌊⟩↕⟩⊔†↙ P∇⌉⊑⌉\⊔⟩\} ⌉⊑⌉∇† \≀⌈⌉ {∇≀⇕ }⌉\⌉∇⊣⊔⟩\} ⊔≀‖⌉\∫ ⊒≀⊓↕⌈ ∇⌉∐⊓⟩∇⌉⌈ ⊣∫∫⟩}\⟩\} ∫≀⇕⌉ ⊣∇⌊⟩⊔∇⊣∇† ⟨⟩⌉∇⊣∇⌋⟨† ⊣⇕≀\} ⊔⟨⌉ \≀⌈⌉∫↙ T⟨⌉∇⌉{≀∇⌉⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ ⊣⌊⟩↕⟩⊔† ⊔≀ }⌉\⌉∇⊣⊔⌉ ⊔≀‖⌉\∫ ⟩∫ ⟩\⟨⌉∇⌉\⊔ ⟩\ ⌉⊑⌉∇† \≀⌈⌉⇔ ⊔⟨⌉ ⊣⊓⊔⟨≀∇⟩⊔† ⊔≀ ⌈≀ ∫≀ ⟩∫ √≀∫∫⌉∫∫⌉⌈ ⌊† ≀\↕† ≀\⌉ \≀⌈⌉ ⊣⊔ ⊣\† ≀\⌉ ⊔⟩⇕⌉↙ W⟨⟩↕⌉ ⊔⟨⟩∫ ∫≀↕⊓⊔⟩≀\ ⊣⌋⌋≀⊓\⊔∫ {≀∇ ⊔≀‖⌉\ ⇕⊣⟩\⊔⌉\⊣\⌋⌉⇔ ⟩⊔ ⊣⌈⇕⟩⊔⊔⌉⌈↕† ⌊⌉}∫ ⊔⟨⌉ ∐⊓⌉∫⊔⟩≀\ ≀{ ∇⟩\} ⇕⊣⟩\⊔⌉\⊣\⌋⌉↙ H≀⊒ ⟩∫ ⊣ √⌉∇⊔⊓∇⌊⊣⊔⟩≀\ ⟩\ ⊔⟨⌉ ∇⟩\} ∇⌉}⟩∫⊔⌉∇⌉⌈ ⊣\⌈ ⟨≀⊒ ⊣∇⌉ ⌊∇≀‖⌉\ \≀⌈⌉∫ ⌊†√⊣∫∫⌉⌈ ⊣\⌈ ∇⌉⟩\⊔∇≀⌈⊓⌋⌉⌈↙ D⌉∫√⟩⊔⌉ ⟩⊔∫ ⇕⊣\† ⌈⟩{⊘⌋⊓↕⊔⟩⌉∫⇔ ⊔⟨⌉∇⌉ ⊣∇⌉ ⊣⊔ ↕⌉⊣∫⊔ ⊔⊒≀ ⌋≀⇕⇕⌉∇⌋⟩⊣↕ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ≀{ ⊔≀‖⌉\ ∇⟩\}∫¬ IBM≃∫ ⊣\⌈ FDDI ⇐F⟩⌊⌉∇ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ D⊣⊔⊣ I\⊔⌉∇{⊣⌋⌉⇒↙ FDDI ⟩∫ ⊣ ⊘⌊⌉∇ ≀√⊔⟩⌋ ⊔≀‖⌉\ ∇⟩\} ⊒⟩⊔⟨ ⊣ ⌊⊣\⌈↖ ⊒⟩⌈⊔⟨ ≀{ ⊣√√∇≀§⟩⇕⊣⊔⌉↕† ∞′′ M⌊√∫↙ O\⌉ ≀⊔⟨⌉∇ √∇≀⌊↕⌉⇕ {⊣⌋⌉⌈ ⌊† ⊔≀‖⌉\ ∇⟩\}∫ √∇⌉∫⌉\⊔ ⊣⊔ ⊔⟨⌉ √⟨†∫⟩⌋⊣↕ ↕⊣†⌉∇ ⇐√⟨†∫⟩⌋⊣↕ ⊒⟩⊔⟨ ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊔⟨⌉ OSI∝∫⌉⊑⌉\↖↕⊣†⌉∇ ⌋⊣‖⌉⇒ ⟩∫ ⊔⟨⌉ ∐⊓⌉∫⊔⟩≀\ ≀{ ⌋↕≀⌋‖ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\↙ C↕≀⌋‖∫ ⊣∇⌉ ⊓∫⌉{⊓↕ {≀∇ }⌉\⌉∇⊣⊔⟩\} ⊓\⟩∐⊓⌉ ⊓⟩⌈∫∅ ⊣\⌈ ⊒⟩⊔⟨ √⊣∇⊔⟩⌋⊓↕⊣∇ ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊔≀‖⌉\ ∇⟩\} ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫⇔ ⌋↕≀⌋‖∫ ⊣∇⌉ ⊣↕∫≀ ⟩⇕√≀∇⊔⊣\⊔ {≀∇ ⌈⌉⊔⌉∇⇕⟩\⟩\} ⊒⟨⌉\ ⊣ ⊔≀‖⌉\ ⟨⊣∫ ⌊⌉⌉\ ↕≀∫⊔↙ H≀⊒⌉⊑⌉∇⇔ ⊣∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ \≀⌈⌉∫ ⟩\ ⊣ \⌉⊔⊒≀∇‖ }∇≀⊒∫⇔ ∫≀ ⌈≀⌉∫ ⊔⟨⌉ √∇≀⌊↕⌉⇕ ≀{ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⇕⊣\† ⌋↕≀⌋‖∫↙ B⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ √∇⌉⌋↕⊓⌈⌉⌈ ⌊† ⊔⟨⌉ ⌋⟨⊣↕↕⌉\}⌉∫ ≀{ ⌋↕≀⌋‖ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\⇔ ⌈⌉⊔⌉∇⇕⟩\⟩∫⊔⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\} ⟩∫ }⌉\⌉∇⊣↕↕† \≀⊔ ⌋≀\∫⟩⌈⌉∇⌉⌈ ⊣ ⊑⟩⊣⌊↕⌉ ⇕⌉⊣\∫ ≀{ √∇≀⊑⟩⌈⟩\} ⊣⊑⊣⟩↕⊣⌊⟩↕⟩⊔†↙ T⟨⌉ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ⊔≀ ⌈⌉⊔⌉∇⇕⟩\⟩∫⊔⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\} ⟩∫ √∇≀⌊⊣⌊⟩↕⟩∫⊔⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\}↙ P∇≀⌊⊣⌊⟩↕⟩∫⊔⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\} ⟩∫ ⊔⟨⌉ ∫⊔∇⊣⊔⌉}† ⌉⇕√↕≀†⌉⌈ ⌊† ⊣\ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ⌊∇≀⊣⌈⌋⊣∫⊔ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⊔≀ ⊔≀‖⌉\ ∇⟩\}∫¬ ⌉⊔⟨⌉∇\⌉⊔↙ △↙∋ E⊔⟨⌉∇\⌉⊔ E⊔⟨⌉∇\⌉⊔ ⊒⊣∫ ≀∇⟩}⟩\⊣↕↕† √∇≀√≀∫⌉⌈ ⌊† ∇⌉∫⌉⊣∇⌋⟨⌉∇∫ ⊣⊔ X⌉∇≀§ PARC ⟩\ ⊔⟨⌉ ↕⊣⊔⌉ ′≃∫↙ E⊔⟨⌉∇\⌉⊔ ⟨⊣∫ ⊣ ⌊⊓∫ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊔⟨⊣⊔ ⊓∫⌉∫ ⌋≀⊣§⟩⊣↕ ⌋⊣⌊↕⌉ ⊣∫ ⟩⊔∫ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ⇕⌉⌈⟩⊓⇕↙ N≀⌈⌉∫ ⊔⊣√ ≀\⊔≀ ⊔⟨⌉ ⌋⊣⌊↕⌉↙ T⟨⌉ ⇕⌉⌈⟩⊓⇕ ⊣⌋⌋⌉∫∫ √∇≀⊔≀⌋≀↕ {≀∇ E⊔⟨⌉∇\⌉⊔ ⟩∫ ⌋⊣↕↕⌉⌈ CSMA∝CD ⇐C⊣∇∇⟩⌉∇ S⌉\∫⌉ M⊓↕⊔⟩√↕⌉ A⌋⌋⌉∫∫ ⊒⟩⊔⟨ C≀↕↖ ↕⟩∫⟩≀\ D⌉⊔⌉⌋⊔⟩≀\⇒↙ CSMA∝CD ⟩∫ ⊣ √∇≀⌊⊣⌊⟩↕⟩∫⊔⟩⌋ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⌈⌉⊔⌉∇⇕⟩\⟩∫⊔⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\} ⊔⌉⌋⟨\⟩∐⊓⌉ ⊔⟨⊣⊔ ⟩⇕√↕⌉⇕⌉\⊔∫ ⌉§√≀\⌉\⊔⟩⊣↕ ⌊⊣⌋‖≀{{↙ D⌉⊑⌉↕≀√⌉∇∫ ⊔⊓∇\⌉⌈ ⊔≀ √∇≀⌊⊣⌊⟩↕⟩∫⊔⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\} ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉† ⊒⌉∇⌉ ∫⌉⊣∇⌋⟨⟩\} {≀∇ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊒⊣† ⊔≀ ∫⌋⟨⌉⌈⊓↕⌉ ⊣\⌈ ⊣↕↕≀⌋⊣⊔⌉ ∇⌉∫≀⊓∇⌋⌉∫ ⊔⟨⊣⊔ ⊒⌉∇⌉ ⌈⟩{⊘⌋⊓↕⊔ ≀∇ ⌉§√⌉\∫⟩⊑⌉ ⊔≀ ⊣↕↕≀⌋⊣⊔⌉↙ T⟨⌉ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ √∇≀⌋⌉∫∫ ⟩∫¬ • C⟨⌉⌋‖ ⊒⟩∇⌉ • I{ ⌊⊓∫†⇔ ⌈≀ \≀⊔ ∫⌉\⌈ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⊒⟩∇⌉ ⟩∫ ⌊⊓∫† • I{ ⟩⌈↕⌉⇔ ∫⌉\⌈ • M≀\⟩⊔≀∇ ⊔⟨⌉ ⊒⟩∇⌉ {≀∇ ⌋≀↕↕⟩∫⟩≀\∫�T⟨⟩∫ ⟩∫ ⌊⌉⌋⊣⊓∫⌉ ⊔⊒≀ ≀∇ ⇕≀∇⌉ \≀⌈⌉∫ ⇕⊣† ∇⌉}⟩∫⊔⌉∇ ⟩⌈↕⌉ ⊣⊔ ⊔⟨⌉ ∫⊣⇕⌉ ⊔⟩⇕⌉⇔ ⌋⊣⊓∫⟩\} ⇕⊓↕⊔⟩√↕⌉ ⇕⌉∫∫⊣}⌉∫ ⊔≀ ⌊⌉ ⌊∇≀⊣⌈⌋⊣∫⊔ ∫⟩⇕⊓↕⊔⊣\⌉≀⊓∫↕†↙ A \≀⌈⌉ ⌈⌉⊔⌉⌋⊔∫ ⌋≀↕↕⟩∫⟩≀\∫ ⌊† ∫⌉\∫⟩\} ⊒⟨⌉⊔⟨⌉∇ ⊔⟨⌉ ∫⟩}\⊣↕ ≀\ ⊔⟨⌉ ⌊⊓∫ ⟩∫ ⊔⟨⌉ ≀\⌉ ∫⌉\⊔ ⌊† ⊔⟨⊣⊔ \≀⌈⌉ ≀∇ ⊒⟨⌉⊔⟨⌉∇ ⟩⊔ ⟨⊣∫ }⊣∇⌊↕⌉⌈ ⌊† ∫≀⇕⌉⊔⟨⟩\} ⌉↕∫⌉↙ △

• I{ ⌋≀↕↕⟩∫⟩≀\ ⟨⊣∫ ≀⌋⌋⊓∇∇⌉⌈⇔ ∫⊔≀√ ⊣\⌈ ∇⌉⊔∇⊣\∫⇕⟩⊔ I⊔ ⟩∫ ⌈⊓∇⟩\} ⊔⟨⌉ ∇⌉⊔∇⊣\∫⇕⟩⊔ √⟨⊣∫⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌉§√≀\⌉\⊔⟩⊣↕ ⌋≀⇕√≀\⌉\⊔ ≀{ ⌉§√≀\⌉\⊔⟩⊣↕ ⌊⊣⌋‖≀{{ ⟩∫ ⟩\⊔∇≀↖ ⌈⊓⌋⌉⌈↙ R⊣⊔⟨⌉∇ ⊔⟨⊣\ ∇⌉⊔∇⊣\∫⇕⟩⊔⊔⟩\} ⟩⇕⇕⌉⌈⟩⊣⊔⌉↕†⇔ ⊔⟨⌉ ∫⌉\⌈⌉∇ \≀⌈⌉ √⟩⌋‖∫ ⊣\ ⌉§√≀\⌉\⊔⟩⊣↕↕† ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⊣\⌈≀⇕ ⊑⊣∇⟩⊣⌊↕⌉ t and waits for time t before sending again▷ If the maximum time to send a mes sage is x and t > x then P (completing transmission after waiting for t units of time) is fairly high because t spreads out the overlapping transmissions▷ However simply picking a large t is relatively undesirable because as the time required to send a message increases proportionately▷ An adaptive strategy is to retry upon collision after a random amount of time in the range 0..t, where t is initially small▷ With each collision t is doubled▷ Each node continues to backoff until it succeeds▷ This has the advantage that it estimates the number of nodes that are trying to send and adjusts t accordingly▷ The alternative is to continually backoff to high values of t in which case performance is poorer▷ One possible application of exponential backoff to relate to other topics studied in the course is the spinlocks used to synchronize a multiprocessor▷ Exponential backoff can be applied to de termine how long to wait before attempting to reacquire a lock▷ If the number of threads is greater than the number of processors exponential backoff can also suggest how long a blocked thread should wait before releasing its locks because waiting for the processor will take too long▷ To compute the efαciency of Ethernet let k be the number of stations and p be the probability that a transmission will succeed▷ Then the average time A required for one successful transmission ↼by any station↽ is given by. A = kp(1 − p)^k�1 which is maximized when k = 1/p▷ As the number of stations in the network increases i▷e▷ k → ∞¬ A = 1 e ≈ ′.34 The expected value of trials before succeeding E(trials), is given by: E(trials) = 1X 0^{j(1 − A)j�1A ≈ ∈.7} Caveats to exponential backoff. • I\ ∫⟩⊔⊓⊣⊔⟩≀\∫ ∫⊓⌊|⌉⌋⊔ ⊔≀ ⌋≀↕↕⊣√∫⌉⇔ ∇⌉⊔∇† ⟩∫ ⊣ ⌊⊣⌈ ∫⊔∇⊣⊔⌉}†↙ • I\ ∫⟩⊔⊓⊣⊔⟩≀\∫ ⊒⟨⌉∇⌉ ⊔⟨⌉∇⌉ ⟩∫ \≀ ⌋⌉\⊔∇⊣↕ ∫⌋⟨⌉⌈⊓↕⌉∇⇔ ⌊⊣⌋‖≀{{ ⟩∫ ⟨⌉↕√{⊓↕ {≀∇ ⌈⌉⊔⌉∇⇕⟩\⟩\} ⟨≀⊒ ⇕⊣\† ≀⊔⟨⌉∇ √⌉≀√↕⌉ †≀⊓ ⊣∇⌉ ⌋≀⇕√⌉⊔⟩\} ⊒⟩⊔⟨ {≀∇ ⊔⟨⌉ ∫⟨⊣∇⌉⌈ ∇⌉∫≀⊓∇⌋⌉↙ I{ ⌉⊑⌉∇†≀\⌉ ⟩∫ √≀↕⟩⊔⌉⇔ ⊔⟨⌉\ ⌉⊣⌋⟨ \≀⌈⌉ ⊔⊣‖⌉∫ ≀\↕† ⟩⊔∫ ∫⟨⊣∇⌉↙ H≀⊒⌉⊑⌉∇⇔ ⊣∫ ⟩\ ⇕⊣\† ∫⟩⊔⊓⊣⊔⟩≀\∫⇔ ⊔⟨⟩∫ ∫⊔∇⊣⊔⌉}† ⟩∫ ⌊⊣∫⌉⌈ ≀\ ⊔⟨⌉ ⊔∇⊓∫⊔ ⊔⟨⊣⊔ ⊣↕↕ √⊣∇⊔⟩⌋⟩√⊣\⊔ \≀⌈⌉∫ ⊒⟩↕↕ ⌋≀≀√⌉∇⊣⊔⌉↙ A ∫⌉↕⊘∫⟨ \≀⌈⌉ ⇕⟩}⟨⊔ ∇⌉{⊓∫⌉ ⊔≀ ⌊⊣⌋‖≀{{ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⟩⇕√∇≀⊑⌉ ⟩⊔∫ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣⊔ ⊔⟨⌉ ⌉§√⌉\∫⌉ ≀{ ⊣↕↕ ≀⊔⟨⌉∇∫↙

▽

▽ S⊒⟩⊔⌋⟨⌉⌈ \⌉⊔⊒≀∇‖∫ S⊒⟩⊔⌋⟨⌉⌈ \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ⌋≀⇕√≀∫⌉⌈ ≀{ ↕⟩\‖∫⇔ ∫⊒⟩⊔⌋⟨⌉∫ ⊣\⌈ \≀⌈⌉∫ ⇐≀{⊔⌉\⇔ ∫⊒⟩⊔⌋⟨⌉∫ ⊣\⌈ \≀⌈⌉∫ ⊣∇⌉ ⊔⟨⌉ ∫⊣⇕⌉⇒↙ E⊣⌋⟨ \≀⌈⌉ ⇕⊓∫⊔ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊔⟨⌉ ↕⟩\‖ ≀\ ⊒⟨⟩⌋⟨ ⊔≀ {≀∇⊒⊣∇⌈ ⊣ √⊣⌋‖⌉⊔ ⟩⊔ ⟨⊣∫ ∇⌉⌋⌉⟩⊑⌉⌈↙ A⌈⌈∇⌉∫∫⟩\} ⟩\ ∫⊒⟩⊔⌋⟨⌉⌈ \⌉⊔⊒≀∇‖∫⇔ ⟩\ ⌈⟩∇⌉⌋⊔ ⌋≀\⊔∇⊣∫⊔ ⊔≀ ⌊∇≀⊣⌈⌋⊣∫⊔ \⌉⊔⊒≀∇‖∫⇔ ⟩∫ ⌋≀⇕√↕⟩⌋⊣⊔⌉⌈↙ B⌉↖ ⌋⊣⊓∫⌉ ⇕⌉∫∫⊣}⌉∫ ⌈≀ \≀⊔ ∫⟩⇕√↕† }≀ ⌉⊑⌉∇†⊒⟨⌉∇⌉⇔ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ∫⊒⟩⊔⌋⟨⌉∫ ⇕⊓∫⊔ ‖\≀⊒ ⟨≀⊒ ⊔≀ ⟩\⊔⌉∇√∇⌉⊔ ⊣⌈⌈∇⌉∫∫⌉∫ ⇐⌉}¬ ⊒⟨⌉∇⌉ ⊣\⌈ ⟨≀⊒ ⊔≀ ∇≀⊓⊔⌉ ⊣ ⇕⌉∫∫⊣}⌉⇒ O\⌉ ∫≀↕⊓⊔⟩≀\ ⊔≀ ⊔⟨⌉ ⊣⌈⌈∇⌉∫∫⟩\} ∐⊓⌉∫⊔⟩≀\ ⟩∫ ⌋⊣↕↕⌉⌈ ∫≀⊓∇⌋⌉ ∇≀⊓⊔⟩\}↙ T⟨⟩∫ ⊔⌉⌋⟨\⟩∐⊓⌉ ⟨⊣∫ ∫⌉⊑⌉∇⊣↕ ⌈⟩∫⊔⟩\⌋⊔ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫¬ • S≀⊓∇⌋⌉ ⟩\⌈⟩⌋⊣⊔⌉∫ ⊒⟨⊣⊔ ⊔≀ ⌈≀ ⊣⊔ ⌉⊣⌋⟨ ∫⊒⟩⊔⌋⟨ • R≀⊓⊔⟩\} ⟩∫ ⟩\⌈⌉√⌉\⌈⌉\⊔ ≀{ ⊔⟨⌉ ∫⊔⊣⊔⌉ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ • S≀⊓∇⌋⌉ \⌉⌉⌈∫ ⊔≀ ‖\≀⊒ ⟨≀⊒ ⊔≀ ∇≀⊓⊔⌉ ⊣ ⇕⌉∫∫⊣}⌉ {∇≀⇕ ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⊔≀ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ A∫ ⊣\ ⌉§⊣⇕√↕⌉⇔ ⌋≀\∫⟩⌈⌉∇ ⊣ \⌉⊔⊒≀∇‖ ⊒⟨⌉∇⌉ ⌉⊣⌋⟨ \≀⌈⌉ ⟨⊣∫ △ ↕⟩\‖∫↙ A ⇕⌉∫∫⊣}⌉ ⌋≀⊓↕⌈ ⌊⌉ √∇⌉⌋⌉⌈⌉⌈ ⌊† ⊣ ∫⌉∐⊓⌉\⌋⌉ ≀{ ⊣⌈⌈∇⌉∫∫⌉∫¬ A1A2A3...A_nMessage In this example the message is routed through n different nodes with the receiving node being the nth node▷ Each A_i represents a two bit address identifying the link that the ith node must forward the packet on▷ Each intermediate node reads the twobit sequence at the head of the A iφs to determine the next intermediate node removes the head of the list and forwards the updated header and message▷ This strategy is not perfect of course. • T⟨⌉ ∫⌉∐⊓⌉\⌋⌉ ≀{ A_iφs is of variable length▷ • I⊔ ∇⌉∐⊓⟩∇⌉∫ ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⊔≀ ‖\≀⊒ ⊔⟨⌉ ∇≀⊓⊔⌉ ⌊⌉⊔⊒⌉⌉\ ⟩⊔ ⊣\⌈ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\↙ • I⊔ ⌈⌉√⌉\⌈∫ ≀\ ⊔⟨⌉ \⌉⊔⊒≀∇‖�⟩{ ⊔⟨⌉ \⌉⊔ ⌋⟨⊣\}⌉∫ ≀∇ ⊣\† \≀⌈⌉ {⊣⟩↕∫⇔ ⊔⟨⌉ ⌉\⊔⟩∇⌉ ∫⌉∐⊓⌉\⌋⌉ ⊒⟩↕↕ ⌊⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⌉⌈↙