Name

Computer System Architecture
6.823 Quiz #2
October 21st, 2005
Professor Arvind
Dr. Joel Emer

Name:

This is a closed book, closed notes exam.
80 Minutes
15 Pages

Notes:

Not all questions are of equal difficulty, so look over the entire exam and
budget your time carefully.

Please carefully state any assumptions you make.

Please write your name on every page in the quiz.

Y ou must not discuss a quiz's contents with other students who have not
yet taken the quiz.

Writing name on each sheet 2 Points
Part A 20 Points
Part B 20 Points
Part C 18 Points
Part D 20 Points
TOTAL 80 Points
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Part A: Cache Basics (20 Points)

Questions in Part A are about the operations of virtual and physical-address caches in two
different configurations: direct-mapped and 2-way set-associative. The direct-mapped
cache has 8 cache lines with 8 bytes/line (i.e. the total size is 64 bytes), and the 2-way
set-associative cache is the same size (i.e. 32 bytes/way) with the same cache line size.
The page size is 16 bytes.

Please answer the following questions.
Question 1. (6 Points)

For each cache configuration shown in the figure below, which block(s) can virtual
address 0x34 be mapped to? Fill out the table at the bottom of this page. (Consider both
virtually indexed and physically indexed cases for each configuration, and enumerate all
possible blocks.)

Index | 8bytes ]

0 A

1 B 8 bytes Index K 8 bytes |
2 c A |0 E

3 D B L F

4 E C 2 G

5 F D 3 H

6 G Way 0 Way 1

7 H

(A) Direct-mapped Cache (B) 2-way Set-associative Cache

Virtually indexed | Physically indexed

Direct-mapped
(A)

2-way Set-
associative (B)
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Question 2. (8 Points)

We ask you to follow step-by-step operations of the virtually indexed, physically tagged,
2-way set-associative cache shown in the previous question (Figure B). You are given a
snapshot of the cache and TLB states in the figure below. Assume that the smallest
physical tags (i.e. no index part contained) are taken from the high order bits of an
address, and that Least Recently Used (LRU) replacement policy is used.

(Only valid (V) bits and tags are shown for the cache; VPNs and PPNs for the TLB.)

Index | V| Tags (way0) | V | Tags (way1)

0 1 0x45 0

1 1 0x3D 0

2 1 0x1D 0

3 0 0

Initial cache tag states
VPN PPN VPN PPN
0x0 0x0A 0x10 OxX6A
0x1 Ox1A 0x20 O0x7A
0x2 O0x2A 0x30 0x8A
0x3 0x3A 0x40 0x9A
0x5 O0x4A 0x50 OxAA
0x7 0x5A 0x70 0xBA
TLB states

After accessing the address sequence (all in virtual address) given below, what will be the
final cache states? Please fill out the table at the bottom of this page with the new cache
states. You can write tags either in binary or in hexadecimal form.

Address sequence: 0x34 -> 0x38 -> 0x50 -> 0x54 -> 0x208 ->
0x20C -> 0x74 -> 0xb4

Index |V | Tags (way0) |V | Tags (way1)
0

1
2
3

Final cache tag states
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Question 3. (6 Points)

Assume that a cache hit takes one cycle and that a cache miss takes 16 cycles. What is the
average memory access time for the address sequence of 8 words given in Question 2?
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Part B: Handling TLB Misses (20 Points)

In the following questions, we ask you about the procedure of handling TLB misses. The
following figure shows the setup for this part and each component’s initial states.

Address 4
(01000) PA (VA) . Address .
User PTE Base 123 .
2 (01010) ? ?
(UPTB, Virtual) : : oroac | 0107 | E000
oroic(o10oc)] 00D4 E0O0O 0F04s 0106 £000
System P'IE Base Qro1s(01008)] 00D3 EQ0O0O 0F044 0105 E00O
(SPTB, Physical) or014q004)] 00D2 E0OQ0O 0F040 0104 EOO0O
0F03 00FD E00O
0F010(01000) 00D1 EQ0O FO3¢
User Page Table 0F038 00FC EOO0O
(in virtual space) 0F034 0O0FB EQ0O
Address . 0F030 O0FA EQO0O

VPN PPN PA .

0100 0F01 0F02C O0E4 EOO0O
ocooc | OFO04 | E00O oro2e | O0OE3 | E000
0C008 OF03 E0O0O 0F024 00E2 E000
ocoga | O0FO02 E00O0 0F020 00E1 E00O
ocoood OFO01 E000 :

TLB System Page Table

(in physical space) Physical memory

Notes 1. All numbers are in hexadecimal.
2. Virtual addresses are shown in parentheses, and physical addresses without parentheses.

For the rest of this part, we assume the following:
1) The system uses 20-bit virtual addresses and 20-bit physical addresses.
2) The page size is 16 bytes.
3) We use a linear (not hierarchical) page table with 4-byte page table entry (PTE).
A PTE can be broken into the following fields. (Don’t worry about the status bits,
PTE[15:0], for the rest of Part B.)
31 16 15 14 13 12 11 10 9 0

| Physical Page Number (PPN) |V |R|W|U[M]|S]| 0000000000 |

4) The TLB contains 4 entries and is fully associative.

On the next page, we show a pseudo code for the TLB refill algorithm.
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// On a TLB miss, “MA” (Miss Address) contains the address of that
// miss. Note that MA is a virtual address.

// UTOP is the top of user virtual memory in the virtual address
// space. The user page table is mapped to this address and up.
#define UTOP 0x01000

// UPTB and SPTB stand for User PTE Base and System PTE Base,
// respectively. See the figure in the previous page.

if (MA < UTOP) {
// This TLB miss was caused by a normal user-level memory access

// Note that another TLB miss can occur here while loading a PTE.

LW Rtemp, UPTB+4* (MA>>4); // load a PTE using a virtual address
}
else {
// This TLB miss occurred while accessing system pages (e.g. page
// tables)

// TLB miss cannot happen here because we use a physical address.
LW physical Rtemp, SPTB+4* ((MA-UTOP)>>4); // load a PTE using a

// physical address
}

(Protection check on Rtemp); // Don’t worry about this step here
(Extract PPN from Rtemp and store it to the TLB with VPN);
(Restart the instruction that caused the TLB miss);

TLB refill algorithm for Quiz #2
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Question 4. (6 Points)

What will be the physical address corresponding to the virtual address 0x000307? Fill
out the TLB states below after an access to the address 0x00030 is completed.

Virtual address 0x00030 -> Physical address (0x )
VPN PPN
0x0100 0x0F01
TLB states

Question 5. (8 Points)

What will be the physical address corresponding to the virtual address 0x00050? Fill
out the TLB states below after an access to the address 0x00050 is completed. (Start
over from the initial system states in Page 5, not from your system states after solving the

previous question.)

Virtual address 0x00050 -> Physical address (0x )
VPN PPN
0x0100 0x0FO01
TLB states
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Question 6. (6 Points)

We integrate virtual memory support into our baseline 5-stage MIPS pipeline using the
TLB miss handler. We assume that accessing the TLB does not incur an extra cycle in
memory access in case of hits.

Without virtual memory support (i.e. he had only a single address space for the entire
system), the average cycles per instruction (CPI) was 2 to run Program X. If the TLB
misses 10 times for instructions and 20 times for data in every 1,000 instructions on
average, and it takes 20 cycles to handle a TLB miss, what will be the new CPI
(approximately)?
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Part C: Write Buffer for Data Cache (18 Points)

In order to boost the performance of memory writes, Ben Bitdiddle has proposed to add a
write buffer to our 5-stage fully-bypassed MIPS pipeline as shown below. Assuming a
write-through/write no-allocate cache, every memory write request will be queued in the
write buffer in the MEM stage, and the pipeline will continue execution without waiting
for writes to be completed. A queued entry in the write buffer gets cleared only after the
write operation completes, so the maximum number of outstanding memory writes is
limited by the size of the write buffer.

Please answer the following questions.

stall PC for JAL, ...

! ECT MO
0x4 _I\I
a As:g : L @ @
r

.
we
> rs% r
> rs
addr ! Dl rdif—=-»_~ E—»
inst Wdyrdz b ALU[TY
Inst GPRs 1 |78
Cache -
Imm | ¢ _‘-4_/_ T E
BSrc | |l
18 MD1 MD2
Popcount(WBuf)
WBuf — To main memory

Question 7. (6 Points)

Ben wants to determine the size of the write buffer, so he runs benchmark X to get the
observation below. What will be the average number of writes in flight (=the number of
valid entries in the write buffer on average)?

1) The CPI of the benchmark is 2.

2) On average, one of every 20 instructions is a memory write.
3) Memory has a latency of 100 cycles, and is fully pipelined.
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Question 8. (6 Points)

Based on the experiment in the previous question, Ben has added the write buffer with N
entries to the pipeline. (Do not use your answer in Question 7 to replace N.) Now he
wants to design a stall logic to prevent a write buffer overflow. The structure of the write
buffer is shown in the figure below. Popcount (WBuf) gives the number of valid
entries in the write buffer at any given moment.

Valid WAddr WData
A
0
0
Size
Popcount(WBuf)
valid entries || 1 ADDRO DATAO
v

Please write down the stall condition to prevent write buffer overflows. You should
derive the condition without assuming any modification of the given pipeline. You can
use Boolean and arithmetic operations in your stall condition.

Stall =
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Question 9. (6 Points)

In order to optimize the stall logic, Ben has decided to add a predecode bit to detect store
instructions in the instruction cache (I-Cache). That is, now every entry in the I-Cache
has a store bit associated with it, and it propagates through the pipeline with an S, bit
added to each pipeline register (except the one between MEM and WB stages) as shown
below. Popcount (Pipeline) gives the number of store instructions that are in flight

(= number of S bits set to 1).

stall PC for JAL, ...
@
(pipeline)

i 3 7Y
0x4 nop _'\I
ASrq L/

E M w

; 31 -
S

-

y
=
(9]
N

addr %D rd1p e A

e
inst ws
Inst - el T j g
ns S -
Cache |Bdt it %

MME
b

<
O
=
=<
1=
]

Popcount(\WBuf)
 —— WBuf — To main memory

How will this optimization change the stall condition, if at all?

Stall =
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Part D: Page Size and TLBs (20 points)

This problem evaluates a virtual memory system with two page sizes: 4KB and 4MB.
The system uses 44-bit virtual addresses and 40-bit physical addresses. 4KB pages are
mapped using a three-level hierarchical page table. 4MB pages are mapped using the
first two levels of the same page table. An L2 PTE contains information which indicates
if it points to an L3 table or a 4MB data page. All PTEs are 8 Bytes. The following
figure summarizes the page table structure and indicates the sizes of the page tables and
data pages (not drawn to scale):

Root ptr L1 Table L2 Table L3 Table Data Page
(processor- (2048 PTEs, 16KB) (2048 PTEs, 16KB) (1024 PTEs, 8KB) (4KB)

s o ==

(4mMB)

The processor has a data TLB with 64 entries, and each entry can map either a 4KB page
or a 4MB page. After a TLB miss, a hardware engine walks the page table to reload the
TLB. The TLB uses a first-in/first-out (FIFO) replacement policy.

We will evaluate the memory usage and execution of the following program which adds
the elements from two 1MB arrays and stores the results in a third IMB array (note that,
IMB = 1,048,576 Bytes):

byte A[1048576]; // 1MB array
byte B[1048576]; // 1MB array
byte C[1048576]; // 1MB array

for(int i=0; i<1048576; i++)
C[i] = A[i] + B[i]l:;

We assume the A, B, and C arrays are allocated in a contiguous 3MB region of physical
memory. We will consider two possible virtual memory mappings:

e 4KB: the arrays are mapped using 768 4KB pages (each array uses 256 pages).

e 4MB: the arrays are mapped using a single 4MB page.

For the following questions, assume that the above program is the only process in the

system, and ignore any instruction memory or operating system overheads. Assume that
the arrays are aligned in memory to minimize the number of page table entries needed.
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Question 10. (4 Points)

This is the breakdown of a virtual address which maps to a 4KB page:
43 33 32 22 21 12 11 0

L1 index L2 index L3 index |Page Offset
11 bits 11 bits 10 bits 12 bits

Show the corresponding breakdown of a virtual address which maps to a 4MB page.
Include the field names and bit ranges in your answer.

43 0

Question 11. (4 Points)

We define page table overhead (PTO) as:

Physical memory that is allocated to page tables
Physical memory that is allocated to data pages

PTO =

For the given program, what is the PTO for each of the two mappings?

PTOukp =

PTO4mB =

Page 13 of 15



Name

Question 12. (4 Points)

We define page fragmentation overhead (PFO) as:

Physical memory that is allocated to data pages but is never accessed
Physical memory that is allocated to data pages and is accessed

PFO =

For the given program, what is the PFO for each of the two mappings?

PFOg4kg =

PFOy4mB =

Question 13. (4 Points)

Consider the execution of the given program, assuming that the data TLB is initially
empty. For each of the two mappings, how many TLB misses occur, and how many page
table memory references are required per miss to reload the TLB?

Page table memory
Data TLB misses references (per miss)

4KB:

4MB:
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Question 14. (4 Points)

Which of the following is the best estimate for how much longer the program takes to
execute with the 4KB page mapping compared to the 4MB page mapping?
Circle one choice and briefly explain your answer (about one sentence).

1.01x 10x 1,000x | 1,000,000x

Page 15 of 15




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


