A Performance/Area Workbench for Cache Memory DesignOsamu Okuzawa and Michael J. FlynnTechnical Report: CSL-TR-94-635August 1994Computer Systems LaboratoryDepartments of Electrical Engineering and Computer ScienceStanford UniversityStanford, CA 94305-4055A b s t r a c t For high performance processor design, cache memory size is an importantparameter which directly affects performance and the chip area. Modelingperformance and area is required for design tradeoff of cache memory. Thispaper describes a tool which calculates cache memory performance and area.A designer can try variety of cache parameters to complete the specificationof a cache memory. Data examples calculated using this tool are shown.Key Words and Phrases: Cache memory, Design tradeoff, Memorymodeling, CAD iiCopyright ' 1994b y Osamu Okuzawa and Michael J. Flynn iiiC o n t e n t s 1. Introduction12. Related Work13. Performance/Area Workbench23.1 Tool target23.2 Input23.3 Output33.4 Model & Calculation method33.5 Tool Implementation63.6 Using Manual94. Results104.1 Tool Performance104.2 Calculation result examples and analysis115. Conclusions16 i v List of Figures1 CPI and Area Calculation Program Configuration72 Calculation Process83 32KB split cache performance124 32KB split cache area125 Unified cache performance146 Unified cache area147 Unified cache Performance/Area Plots15List of Tables1 Program and size82 Programming time and memory size103 Best 5 Unified CBWA cache configuration under 50mm215 v

11. IntroductionAn efficient memory hierarchy is essential for high performance processordesign. Processor performance has continued to improve relative to memoryspeed, with cache memory being the common method to bridge the speed gap.Indeed, many high performance processors use two level of cache memory,where the first level cache is usually on the same chip as the processor. Aschip area is growing due to the improvement of chip technology, so is theamount of the cache memory on a chip.Designers should consider the tradeoff of performance and cost of cachememory at the early stage of design. The performance and cost of cachememory are affected by cache configuration, size and other parameters.Usually designers predict the area and speed using conventional tabular data.In this report, a computer aided tool for cache memory design is shown.2. Related WorkStudies have been done about cache memory performance, especially, thestudies for the relationship between cache specification and cache miss rate[1][2]. Chip area is usually used for the index of cost. A modeling method isshown in [3]. The model in [3] is mainly applied for large cache sizes. Muldershows a cache model which is based on area analysis of actual processorsusing a ’register cell’ as a unit[4]. The area calculation in this report is basedon his model. Recently many papers have been published about designtradeoff for architectural design, including several[5][6] that also use hismodel.For the prediction of the performance, usually one makes a command levelsimulator and executes benchmark programs. But to execute benchmarkprograms on a simulator requires considerable time. Flynn develops a static

2calculation method for processor performance[7]. The tool in this report usesthe performance model based on [7]. Fu shows an analysis and the estimationusing the model[8].3. Performance/Area Workbench3.1 Tool targetThe target of this tool is to calculate cache memory speed and area usingdesigner cache specifications. As a designer completes the specification of acache memory, using this tool he can try variety of cache parameters. Tocalculate cache speed and area, this program uses the memory model shown in[4] and [7]. The model summarized in section 3.4.3.2 InputThe input data are cache memory and processor specifications.Detailed items are shown as follows:(1) Processor specificationarchitecture - L/S, R/M or R+Minstruction set lengthbranch probabilitychip technologycycle timeword access timebus cycle timememory cycle timetiming templatedata access per instruction(2) Cache memory specification

3cache kind - unified or splitcache sizeline sizeassociativityreplacement policy (random, LRU, FIFO)write policy (CBWA, WT)physical word size3.3 OutputOutput data are calculation results of area and performance.baseline CPIexcess CPI with cachecache memory area size3.4 Model & Calculation method3.4.1 Area calculation[4]A unit ’rbe’ is used for area, which is the area of 1 bit register. Followingvariables are used in this section.line : line length in bitsize : cache size in bittags : size/linetransb : band widthtsb : tag bit

tsb = 1 + γlin e tran sb

+ log_2 (2^{30} assoc size )

(1) Set associativeArea = PLA + Data + Tag =

130 + 0.6(lin e ⋅assoc +6)( tagsassoc +6) + 0.6(tsb ⋅assoc +6)( tagsassoc +12 )

[rbe]

4(2) Full associativeArea = PLA + Data + Tag =

130 + 0.6((1 + γtran sb )lin e +6)(tags +6) + 0.6( 2 ⋅tags +6)( 2 ⋅(27 − log 2 (lin e)) +6)

[rbe]As 1 rbe equals to

2035 μm 2

for 2um technology empirically, the tool can adjustthe actual area according to the target technology.3.4.2 CPI calculation[7][8]Processor speed is represented with CPI (

Cycle

PerInstruction).CPI = CPI_base + Miss_penalty * Miss_rate (1) CPI_baseCPI_base is CPI without effects of cache memory. This is calculated with theeffect of (i) address and data dependency, and (ii) branch penalty. For (i)empirical data are used. For (ii), the timing template and branch rate, whichare both given as input, are used.CPI_base = Throughput + data_dependency + address_dependency + branch_penalty(2) Miss penaltyA memory access model is shown as follows;Ta : Word access time, Tbus : Bus cycle time, Tc : memory cycle timeL : Line size per physical word, M : memory Interleaved modew: ratio of dirty lineTline : Line access time

Tlin e = Ta +Tc[ LM − 1] +Tbu s((L − 1)mod M )

Tmmis : Memory processing time for read requestTcmis : Processor waiting time for read missTbusy = Tmmis - Tcmis

5Cache Memory Interface Schemesi) CBWA (Copy Back Write Allocate) policy<Scheme 1>When hit miss, write to write buffer, and then read line and processorexecutes.Tmmis = (1+w)Tline, Tcmis = (1+w)Tline, Tbusy = 0<Scheme 2>When hit miss, write to write buffer and read line at the same time. Thenprocessor executes.Tmmis = (1+w)Tline, Tcmis = Tline, Tbusy = wTline<Scheme 3>When hit miss, write to write buffer and read line at the same time. Theprocessor execute along the word access.Tmmis = (1+w)Tline, Tcmis = Ta, Tbusy = (1+w)Tline - TaMiss penalty is represented by the following equation.Miss penalty = (Tcmis + Tint)/cycleHere, Tint is time due to the misses which occur during Tbusy.

T int = (Miss _ rate ⋅Data _ referen ce I ⋅CPI _ base )⋅ Tbu sy cycle _ tim e ⋅Tbu sy2

For split cache,

T int = (I _ Miss _ rate ⋅In st _ fetch I ⋅CPI _ base )⋅ Tbu sy _ i cycle _ tim e ⋅Tbu sy _ i2 +(D _ Miss _ rate ⋅Data _ fetch I ⋅CPI _ base )⋅ Tbu sy _ d cycle _ tim e ⋅Tbu sy _ d2

ii) WT(Write Through) policy<Scheme 1>When hit miss, read line and then processor executes.Tmmis = Tline, Tcmis = Tline, Tbusy = 0

6<Scheme 2>When hit miss, processor executes during reading words.Tmmis = Tline, Tcmis = Ta, Tbusy = Tline - TaMiss penalty is represented by the following equation.Miss penalty = (Tcmis + Tint + Twint)/cycleHere, Tint is the same as in CBWA. Twint is interference due to the write duringTwmem.

Tw int = (1 − (1 − Data _ referen ce I ⋅CPI _ base ) Twm emcycle _tim e )⋅Twm em2

Here, Twmem = max(Ta, Tc).(3) Miss rateMiss rate is calculated by the program developed by Steve Fu. This programuses DTMR tables and adjusts parameters such as associativity of the cache andarchitecture type of the processor.(4)Instruction/Data contentionIn case of unified cache, instruction and data access contention occurs, whichcauses an increased CPI.Contention = (Instruction fetch/I)(Data access/I)/CPI3.5 Tool implementationThe tool consists of two parts. One is a C program and shell script on UNIXWorkstation. This calculates one set of cache data. Fig.1 shows theconfiguration. The other is Excel interface, which enables users to calculatemultiple data concurrently and manipulate data easily. Fig.2 shows the wholeprocess including Excel interface. Table1 shows the program size.

7Estimated CPI & Area Timing TemplateData traffic miss rate calccache miss rateData conversionCache & Processor Specinput dataCache & Processor SpecCPI,Area calcmerge

13231-: User Input File

Conventional ProgramFig.1 CPI and Area Calculation Program ConfigurationNew ProgramData readArea calculationCPI_base calculationMiss penalty calculationExcess CPI calculationResult output

8Excel data inputData conversionExcel to Text fileData transferMac -> WSCPI & Area CalculationProgram ExecuteData transfer WS -> MacData conversionText file to Excel

Input data(Excel)Input data(Text)Input data(Text)on Macon WS

Output data(Excel)Output data(Text)on MacOutput data(Text)on WS

Fig.2 Calculation Process ExcelExcel MacroFTPFTPExcel Macro

1234NoData ConversionMiss rate calculationCPI & Area calculationControl, interface5

Excel interfacePartlanguageNo of linesCCCshell, awkExcel macro2008005020Already developedTable 1 Program size

93.6 Using manual3.6.1 Operating Environment Macintosh connecting with UNIX Workstation3.6.2 Files or Programs needed(1) on WSdatacon - program for data conversionmisscal - program for miss rate calculationtrout - program for CPI & area calculationchexe1 - shell script 1chexe2 - shell script 2filediv - shell script 3exeall - shell script 4inawk - awk program(2) on MacintoshFetch - application program for ftpNCSA Telnet - application program for telnetMicrosoft Excel - application programex2tx - excel macro for conversion from excel data to text filetx2ex - excel macro for conversion from text file to excel datacashdata1 - excel data(template)3.6.3 Calculation Process(1) Making input dataMake a copy of "cashdata1". (File name is assumed "newfile")The limitation of cache configurations which can be processed at the sametime is 72.

10Using Microsoft Excel on Macintosh, make input specifications on"newfile". After making data sheet, save and close the file.(2) Convert the input fileOpen "ex2tx", modify the input file name("newfile"), and execute it.The macro create 3 text files: "input1", "input2", "input3"(3) Data transferExecute "Fetch", and send the text files to WS.(File names are assumed "input1.txt", "input2.txt", "input3.txt")(4) Program execution(WS operation - using telnet program on Macintosh)Execute command "exeall".This command makes result file "out".(5) Data transferExecute "Fetch", and get the text file "out" from WS.(6) Convert the output fileOpen "tx2ex", modify the output file name(assume "result1"), and execute it.The Excel file "result1" is the final result of cache performance and area.(7) Arrange data sheet and make graphs.4. Results4.1 Tool performanceTable2 shows processing time and required memory size for this tool.

123NoExcel data to text fileCache calculation Text file to Excel dataTable 2 Processing time and memory sizeProcessMachineMacintosh IIsiDEC5000Processing time*MemoryMacintosh IIsi

2min. 57sec.3min. 3sec.15min.10sec.364KB

* : Total processing time for evaluating 72 cache configurations

114.2 Calculation result examples and analysisUsing this tool, a designer can try to estimate performance and area forvarious kinds of cache data.(1) Example 1Fig.3 is the performance results for 32KB split cache. Ex-CPI shows theexcessive CPI due to the cache. Fig.4 shows the area corresponding to Fig.3. It iscategorized by write policy and scheme. Other parameters are as follows:I-cache 32KB, 4way set associative,D-cache 32KB, fully associative,Ta=96ns, Tbus=8ns, Tc=16nsL/S architecture, chip technology=0.6umThe following observations can be made on Fig.3 and Fig.4.i) Ex-CPI decreases when the line size increases. Generally, cache miss ratedecreases and miss penalty increases when the line size increases.ii) At the same line size, Ex-CPI is smaller for lower latency cache memoryinterface schemes, which is more effective than the difference between ’Writethrough’ and ’Copy back’.iii) Areas required is smaller when the line is larger. For larger line size, thearea is reduced because tag area is less. But when the line size becomes quitelarge, the overhead area for drivers and amplifiers is significant.iv) Since the area for write buffer is not accounted for in the area calculation,the areas for different cache memory interface scheme are identical.

12Fig.3 32kB Split cache Performance

Line Size

Ex-CPI00.20.40.60.811.21.41.61.84816326412832sp-cbwa-s132sp-cbwa-s232sp-cbwa-s332sp-wt-s132sp-wt-s2

Line size0501001502002504816326412832sp-cbwa-s132sp-cbwa-s232sp-cbwa-s332sp-wt-s132sp-wt-s2Area[mm2]Fig.4 32kB Split cache Area

13(2) Example 2Fig.5 and Fig.6 are unified cache performance and area data. This data arecategorized by cache size. associativity and line size.Write scheme = 2Ta=96ns, Tbus=8ns, Tc=16nsL/S architecture, chip technology=0.6umThe following observations can be made on Fig.5 and Fig.6.i) Ex-CPI is smaller when the associativity is larger. The Ex-CPI’s forassociativity 2 and 4 are almost the same.ii) The area of a fully associative cache is larger than others, while the othersare almost the same regardless of their associativity.Fig.7 shows the relationship between performance and area for this example.Among these plots, a designer can select the best cache memory configuration.For example, if the area constraint is under

50 m m 2

, best configurationsshown in Table 3 can be selected. It is seen that cache #1 with 0.716 Ex-CPI andarea of

42 . 3m m 2

is the best in this study.

14Fig.5 Unified cache Performance

Cache spec

EX-CPI0123456764k-full64k-ass464k-ass264k-ass132k-full32k-ass432k-ass232k-ass116k-full16k-ass416k-ass216k-ass1linesize4linesize8linesize16linesize32linesize64linesize128Fig.6 Unified cache Arealinesize4linesize8linesize16linesize32linesize64linesize128

Cache spec05010015020025030064k-full64k-ass464k-ass264k-ass132k-full32k-ass432k-ass232k-ass116k-full16k-ass416k-ass216k-ass1Area[mm2]

15Ex-CPI05010015020025030001234567Fig.7 Unified cache Performance/Area PlotsArea[mm2]

12345

Size(KB)Line size(B)associa-tivityEx-CPI

No323232323212864421fullfull0.7160.7850.9170.7160.716128128128

Area(mm2)42.343.245.343.845.6Table 3 Best 5 Unified CBWA cache configuration under 50mm 2

165. ConclusionsA tool for calculating cache memory speed and area has been developed. As thegap between processor speed and memory speed is expanding, it is veryimportant for designers to consider tradeoffs for cost and performance ofcache memories. The tool shown in this paper is useful for this tradeoff. Dataexamples calculated using this tool are shown. As the data are output to aspread sheet, the designer can analyze or manage them easily. For futurework, more accurate performance prediction will be possible by combiningthis tool with an architectural simulator and cache simulator. In addition toperformance and cost estimation, it is important to estimate the completedesign including other factors such as power consumption in cache memorydesign.AcknowledgmentThe authors would like to thank Steve Fu for offering the miss rate calculationprogram and valuable discussion about modeling.References[1] A.J.Smith, "Cache Memories", ACM Computing Surveys, Vol.14, No.3, 1982,pp.473-530[2] J.D.Gee et al., "Cache Performance of the SPEC92 Benchmark Suite", IEEEMicro, August 1993, pp.17-27[3] D.B.Alpert and M.J.Flynn, "Performance Trade-offs for MicroprocessorCache Memories", IEEE Micro, August 1988, pp.44-54[4] J.M.Mulder et al., "An Area Model for On-Chip Memories and itsApplication", IEEE Journal of Solid-State Circuits, vol.26 No.2,1991, pp.98-106

17[5] N.P.Jouppi, "Tradeoffs in Two-Level On-Chip Caching", Proceedings of IEEEInternational Symposium on Computer Architecture, 1994, pp.34-45[6] D. Nagle et al., "Optimal Allocation of On-chip Memory for Multiple-APIOperating Systems", Proceedings of IEEE International Symposium onComputer Architecture, 1994, pp.358-369[7] M.J.Flynn, "Computer Architecture: Concurrent and Parallel ProcessorDesign", Jones and Bartlett, Boston, 1994[8] S.Fu and M.J.Flynn, "Area and Performance Analysis of ProcessorConfigurations with Scaling of Technology", Technical Report CSL-TR-94-605,Stanford University, 1994[9] J.L.Hennessy and D.A.Patterson, "Computer Architecture: A QuantitativeApproach", Morgan Kaufmann, San Mateo, 1990