Randal E. BryantCarnegie Mellon UniversityCS:APPCS:APP Chapter 4Computer ArchitectureLogic DesignCS:APP Chapter 4CS:APP Chapter 4Computer ArchitectureComputer ArchitectureLogic DesignLogic Designhttp://csapp.cs.cmu.edu

— 2 —CS:APPOverview of Logic DesignOverview of Logic DesignFundamental Hardware RequirementsFundamental Hardware RequirementsnCommunicationlHow to get values from one place to anothernComputationnStorageBits are Our FriendsBits are Our FriendsnEverything expressed in terms of values 0 and 1nCommunicationlLow or high voltage on wirenComputationlCompute Boolean functionsnStoragelStore bits of information

— 3 —CS:APPDigital SignalsDigital SignalsnUse voltage thresholds to extract discrete values fromcontinuous signalnSimplest version: 1-bit signallEither high range (1) or low range (0)lWith guard range between themnNot strongly affected by noise or low quality circuit elementslCan make circuits simple, small, and fast

VoltageTime 010

— 4 —CS:APPComputing with Logic GatesComputing with Logic GatesnOutputs are Boolean functions of inputsnRespond continuously to changes in inputslWith some, small delay

aboutaboutaoutout = a &&bout = a ||bout = !aAndOrNot

VoltageTime aba && b

Rising DelayFalling Delay

— 5 —CS:APPCombinational CircuitsCombinational CircuitsAcyclic Acyclic Network of Logic GatesNetwork of Logic GatesnContinously responds to changes on primary inputsnPrimary outputs become (after some delay) Booleanfunctions of primary inputs

Acyclic NetworkPrimaryInputsPrimaryOutputs

— 6 —CS:APPBit EqualityBit EqualitynGenerate 1 if a and b are equalHardware Control Language (HCL)Hardware Control Language (HCL)nVery simple hardware description languagelBoolean operations have syntax similar to C logical operationsnWe�ll use it to describe control logic for processorsBit equal

abeqbool eq = (a&&b)||(!a&&!b)HCL Expression

— 7 —CS:APPWord EqualityWord Equalityn32-bit word sizenHCL representationlEquality operationlGenerates Boolean value

b31Bit equal a31eq31b30Bit equal a30eq30b1Bit equal a1eq1b0Bit equal a0eq0

Eq==

BAEqWord-Level Representationbool Eq = (A == B)HCL Representation

— 8 —CS:APPBit-Level MultiplexorBit-Level MultiplexornControl signal snData signals a and bnOutput a when s=1, b when s=0Bit MUX

bsaoutbool out = (s&&a)||(!s&&b)HCL Expression

— 9 —CS:APPWord MultiplexorWord MultiplexornSelect input word A or Bdepending on control signal snHCL representationlCase expressionlSeries of test : value pairslOutput value for firstsuccessful testWord-Level RepresentationHCL Representation

b31s a31out31 b30a30out30 b0a0out0int Out = [ s : A; 1 : B;];s

BAOutMUX

— 10 —CS:APPHCL Word-Level ExamplesHCL Word-Level ExamplesnFind minimum of threeinput wordsnHCL case expressionnFinal case guaranteesmatch

AMin3

MIN3

BCint Min3 = [ A < B && A < C : A; B < A && B < C : B; 1 : C;];

D0D3

Out4s0 s1MUX4

D2D1nSelect one of 4 inputsbased on two controlbitsnHCL case expressionnSimplify tests byassuming sequentialmatchingint Out4 = [ !s1&&!s0: D0; !s1 : D1; !s0 : D2; 1 : D3;];Minimum of 3 Words4-Way Multiplexor

— 11 —CS:APP

OFZFCF

OFZFCFArithmetic Logic UnitArithmetic Logic UnitnCombinational logiclContinuously responding to inputsnControl signal selects function computedlCorresponding to 4 arithmetic/logical operations in Y86nAlso computes values for condition codes ALU YXX + Y0

YXX - Y1

YXX & Y2

YXX ^ Y3ABABABAB

— 12 —CS:APP

V100.10.20.30.40.50.60.70.80.9100.10.20.30.40.5

1Storing 1 BitStoring 1 BitBistable Element

Q+Q—q!qq = 0 or 1

VinV1V200.10.20.30.40.50.60.70.8

.30.40.50.60.70.80.91

— 13 —CS:APP

00.10.20.30.40.50.60.70.80.

0.40.50.60.70.80.91Vi

0.30.40.50.60.70.80.9100.1

0.80.91VinVinV2Storing 1 Bit (cont.)Storing 1 Bit (cont.)Bistable Element

Q+Q—q!qq = 0 or 1

VinV1V2

VinV1V2Vin = V2

Stable 0

Stable 1

Metastable

— 14 —CS:APPPhysical AnalogyPhysical Analogy

00.10.20.30.40.50.60.70.80.

.30.40.50.60.70.80.91

.20.30.40.50.60.70.80.910

0.70.80.91VinVinV2Stable 0

Stable 1

Metastable

.Stable left

.Stable right

.Metastable

— 15 —CS:APPStoring and Accessing 1 BitStoring and Accessing 1 Bit

Q+Q—RSR-S Latch

Q+Q—RSQ+Q—RSResetting101001Q+

Q+Q—RSSetting010110Q+Q—RSQ+Q—

— 16 —CS:APP1-Bit Latch1-Bit LatchD Latch

Q+Q—RS

DCDataClockLatching1

Q+Q—RSDCQ+Q—RS

Q—RS

DCQ+Q—RSDCd!dq!q!qq00

— 17 —CS:APPTransparent 1-Bit LatchTransparent 1-Bit LatchnWhen in latching mode, combinational propogation from Dto Q+ and Q—nValue latched depends on value of D as C fallsLatching1

Q+Q—RSDCQ+Q—RSD

— 18 —CS:APPEdge-Triggered LatchEdge-Triggered LatchnOnly in latching modefor brief periodlRising clock edgenValue latched dependson data as clock risesnOutput remains stable atall other times

Q+Q—RS

DCDataClock

TTriggerC

DQ+Time T

— 19 —CS:APPRegistersRegistersnStores word of datalDifferent from program registers seen in assembly codenCollection of edge-triggered latchesnLoads input on rising edge of clock

IOClock

DCQ+DCQ+DCQ+DCQ+DCQ+DCQ+DCQ+DCQ+i7i6i5i4i3i2i1i0o7o6o5o4o3o2o1o0ClockStructure

— 20 —CS:APPRegister OperationRegister OperationnStores data bitsnFor most of time acts as barrier between input and outputnAs clock rises, loads inputState = x

Risingclock_Output = xInput = y

x_State = yOutput = y y

— 21 —CS:APPState Machine ExampleState Machine ExamplenAccumulatorcircuitnLoad oraccumulate oneach cycleComb. Logic ALU 0OutMUX

01Clock

InLoad x0x1x2x3x4x5x0x0+x1x0+x1+x2x3x3+x4x3+x4+x5ClockLoadInOut

— 22 —CS:APPRandom-Access MemoryRandom-Access MemorynStores multiple words of memorylAddress input specifies which word to read or writenRegister filelHolds values of program registersl %eax, %esp, etc.lRegister identifier serves as address¨ID 8 implies no read or write performednMultiple PortslCan read and/or write multiple words in one cycle¨Each has separate address and data input/outputRegisterfileRegisterfileABWdstWsrcA

valAsrcBvalBvalWRead portsWrite port

Clock

— 23 —CS:APPRegister File TimingRegister File TimingReadingReadingnLike combinational logicnOutput data generated based oninput addresslAfter some delayWritingWritingnLike registernUpdate only as clock risesRegisterfileRegisterfileABsrcA

valAsrcBvalBy2RegisterfileRegisterfileWdstW valW

Clockx2

Risingclock__RegisterfileRegisterfileWdstW

Clocky2x2 x2

— 24 —CS:APPHardware Control LanguageHardware Control LanguagenVery simple hardware description languagenCan only express limited aspects of hardware operationlParts we want to explore and modifyData TypesData Typesn bool: Booleanla, b, c, �n int: wordslA, B, C, �lDoes not specify word size---bytes, 32-bit words, �StatementsStatementsn bool a = bool-expr ;n int A = int-expr ;

— 25 —CS:APPHCL OperationsHCL OperationsnClassify by type of value returnedBoolean ExpressionsBoolean ExpressionsnLogic Operationsl a && b, a || b, !anWord ComparisonslA == B, A < B, A <= B, A >= B, A > BnSet Membershipl A in { B, C, D }¨Same as A == B || A == C || A == DWord ExpressionsWord ExpressionsnCase expressionsl [ a : A; b : B; c : C ]lEvaluate test expressions a, b, c, � in sequencelReturn word expression A, B, C, � for first successful test

— 26 —CS:APPSummarySummaryComputationComputationPerformed by combinational logicnComputes Boolean functionsnContinuously reacts to input changesStorageStoragenRegisterslHold single wordslLoaded as clock risesnRandom-access memorieslHold multiple wordslPossible multiple read or write portslRead word when address input changeslWrite word as clock rises