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Sample of Final Exam with Solutions
General requirements for the exam: 

1. This is CLOSED BOOK examination; 

2. No questions allowed within examination period; 

3. If  something is not clear in question please, put your assumptions;

4. No extra papers cell-phones or programmable calculators are allowed;

5. For calculations or assumptions you can use reserved space in the exam paper or opposite side of each page;  
6. It is allowed for use: Pens and pencils, erasers, simple calculators and rulers.  

Design and Verification of Embedded System around Processing Core 

The embedded system consists of the following major components: 1) Virtual memory subsystem including Cache, SDRAM and Hard Disk Drive, 2) Video-output subsystem and 3) I/O Subsystem on the base of Peripheral Processing Unit (I/O Processor). 
Specification of each component is given in appropriate section. The design estimation and verification procedures have to be completed prior to design stage.
Section 1: Memory subsystem organization 

The memory subsystem is organized as virtual memory including Page Table Register, TLB and two-way associative cache implemented in the FPGA. Cache controller incorporated in the FPGA provides interfacing between the Cache and Main memory implemented in SDRAM-module. Virtual memory controller allocated also in the FPGA provides page exchange process between Main memory and Hard Disk Drive (HDD) via I/O subsystem interface. The block diagram of the memory subsystem is shown in Fig. 1.
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Figure 1: Block diagram of memory subsystem
Memory subsystem specifications:

1. Virtual memory should provide direct addressing of 4G words. Data word = 4Bytes
2.  Main memory (SDRAM) should provide 4GB (1G x 4Byte) memory space
3. SDRAM allows DDR (Double-Data Rate) access with clock frequency = 125 MHz

4. CPU provides bus clock frequency = 250 MHz and pipelined Address / Data transmission (no address overhead).
Question 1.1: 
Estimate organization of the bus between cache controller (in the FPGA) and CPU: 
1) Bus type (circle the correct variant):                                                                  (1 mark)  
                               a) Serial synchronous;              b) Parallel synchronous
                               c) Serial asynchronous;            d) Parallel asynchronous 
2) Number of FPGA pins reserved for the CPU VM address lines = 32                (1 mark)
Show calculations:_N cpu_vm pins = log 4G = log 4 x 2^30 = 32
3) Number of FPGA pins reserved for the CPU Data lines = 4B = 4x8 =32         (1 mark)
4) Circle control signals which must be used for CPU-to-Cache interface           (2 marks)
Control lines:    RAS;    CAS;     WE;    OE;    Clock;    Byte select  

5) Calculate CPU Data Bus bandwidth = 953.674 MB/sec.                                 (2 marks)
Show calculations: 
CPU data_bus BW = (250 x 10^6 words/sec x 4B) /1024 x 1024 = 953.674 MB/sec. 
Question 1.2: 
Estimate bus organization between the cache (in the FPGA) & Main memory (SDRAM): 

1) Bus type (circle the correct variant):                                                                 (1 mark)  

                               a) Serial synchronous;              b) Parallel synchronous
                               c) Serial asynchronous;            d) Parallel asynchronous 

2) Number of FPGA pins reserved for SDRAM address lines = 15                     (2 marks)
Show calculations: N addr lines = (log 1G) / 2 = (log 2^30) / 2 = 15 
3) Number of FPGA pins reserved for the Memory Data lines  = 4B= 4x8 = 32  (1 mark)
4) Circle strobe &synchronization signals used for cache-to-SDRAM interface (2 marks)
Strobe & synchronization lines:    RAS;    CAS;     WE;    OE;    Clock;    Busy.  

5) Calculate DDR SDRAM Data Bus bandwidth = 953.674 MB/sec                 (2 marks)
Show calculations: BWdata bus= [125 x 10^6 trans/sec x (2 words/trans x 4Bytes/word)} /1024 x 1024 = 953.674 MB/sec.        
Section 2: Virtual memory and Cache interaction 

To check the interaction between components of virtual memory and the two-way set associative cache, the test program segment has been loaded to the memory subsystem. The contents of all elements of virtual memory and cache after the above process are presented below. 
The contents of fully associative TLB and Page Table Register (PTR) are shown in Figure 2. The Figure 3 presents the content of the Page Table in the Main memory. 
Page size = 16 KB (4K x 32 bits). Word size = 32 bits (4 Bytes). 
Note: Page is word addressable 

Two-way set associative cache is organized as: 2 sets of 8 entries x 2 word in block device (See Figure 4). The NRU (Not Recently Used) block replacement mechanism is implemented with one Reference bit (R). R becomes = 1 when the cache entry is recently used. Otherwise, R = 0 when another cache bank entry is selected (with the same index). If miss occurs the block which indicated R=0 will be replaced. If R-bits in both Cache entries in the Cache Bank 0 and Cache Bank 1 are = 0, the cache entry in Cache Bank 0 is selected first.   

The initial content of two-way set associative cache is presented in Figure 4
Valid         Tag                        Physical Page Number                   Dirty       Ref
	1
	0x0001A   
	0x00467
	1
	0

	0 (
	0x00CF2
	0x00188
	0
	0

	1
	0x00005
	0x00782
	1
	0

	1
	0x00003
	0x001F2
	0
	1


	Page Table Register
	0x03B82000 


Figure 2: Content of TLB and Page Table Register    
Memory Address      Valid      Dirty       Physical page number

	0x03B82000
	1
	0
	0x0041D

	0x03B82001
	1
	1
	0x001D0

	0x03B82002
	1
	0
	0x004E2

	0x03B82003
	1
	0
	0x001F2

	0x03B82004
	1
	0
	0x004B3

	0x03B82005
	1
	1
	0x00782

	0x03B82006
	1
	0
	0x004AC

	0x03B82007
	1
	1
	0x002BC

	0x03B82008
	0
	0
	0x00342

	0x03B82009
	1
	1
	0x00762


Figure 3: Content of the Page Table 
                Cache Bank 0  (Set 0)                                              Cache Bank 1 (Set 1)
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Figure 4:  Two-way set associative cache

Note 1:  Empty cache entries have: V=0, D=0, R=0 and data words = 0x0000. 
Note 2:  Cache entries are indexed from the top to bottom (top entry Index = 000

               [binary]; bottom entry Index = 111 [binary])

Question 2.1
CPU issues the request to read data from the Virtual address = 0x0000824F (Rd),

Determine the following:

· Virtual page # = _00008_    Page offset      = _24F__                               (1 mark)
· TLB hit or miss _miss  ________                                                             (1 mark)
If miss, calculate the physical address of the Page Table entry where the physical page # of the requested data should be found

Page table entry address = 0x 03B82008_______                                        (1 mark)
Show calculations:_PT addr_= [PTR] + 00008 = 03B82008_______
Circle the correct location of the requested page:

a) Page is in Main Memory                      b) Page is on the HDD (Disk)      (1 mark)
 Question 2.2
CPU issues the request to read data from the Virtual address = 0x00006824 (Rd),

Determine the following:

· Virtual page # = _00006___    Page offset      = ___824______               (1 mark)
· TLB hit or miss _miss______                                                                    (1 mark)
If miss, calculate the physical address of the Page Table entry where the physical page # of the requested data should be found

Page table entry address = 0x 03B82006_______                                        (1 marks)
Show calculations:__ 0x03B82000 + 00006 = 03B82006________
 Physical page #  004AC _______                                                                 (1 mark)
· Physical address = 0x004AC824                                                              (1 mark)
· Cache hit or miss __miss______                                                               (1 mark)
· Point by “ (” the best TLB-entry (in Figure 2) to be modified               (1 mark)
· New TAG content in the selected TLB entry = _004AC_____                (1 mark) 

· Indicate values of V, D and R bits in TLB after the reference:              (2 marks)
V = ____1___;  D = ___0____; R = ___1______ 

· Indicate values of V, D and R bits in Cache after the reference:              (2 marks)
Cache bank # ___1____; V = ___1_____;  D = ___0_____; R = __1__ 

· New TAG content of the cache entry = _004AC82_                                 (1 mark)   

Question 2.3 
CPU issues the request to read data from the virtual address VA = 0x00003A12 (Rd),
Determine the following:

· Virtual page # =     00003________    Page offset      = ____ A12____    (1 mark)
· TLB hit or miss ___Hit________                                                               (1 mark )
· Physical page #  __001F2_______   Physical address = _001F2A12___  (1 marks)
· Cache hit or miss __Hit________                                                              (3 marks)
    Show: Block offset = _0___, Index = __001______, TAG =_0x001F2A1__
· Data to be sent to CPU     __0013F212____                                               (1 mark)
· Initiate the write back procedure?            Yes  or   No  (circle)               (1 mark)
· Indicate values of V, D and R bits in TLB after the reference:                (2 marks)
V = ___1_____;  D = ____0____; R = ____1_____ 

· Indicate values of V, D and R bits in Cache after the reference:              (2 marks)
Cache bank # ___0____; V = ___1_____;  D = ___0_____; R = ___1______ 

Question 2.4
CPU issues the request to write data to the virtual address VA = 0x000052A7 (Wr)
Determine the following:

· Virtual page # = __00005_______    Page offset      = ___2A7________   (1 mark)
· TLB hit or miss ___Hit________                                                                (1 mark)
· Physical page# ___00782______   Physical address =_007822A7_____   (2 marks)
· Cache hit or miss _miss________                                                              (2 marks)

    Show: Block offset = __1_____, Index = __011___, TAG =_0x007822A     
· If miss, which block should be replaced (from which Cache bank):          (2 marks)   
a) Indicate: Cache bank # ____1_____; 
b) Block: word 0 = _01A12320_ word 1 =_F1002A30___ 
· Will the “Write back” procedure be initiated?   Yes  or   No  (circle)         (1 mark)
If “Yes”, indicate start address in Main memory where the block has to be written back:
Start address = 0x003A2106___                                                                           (1 mark)
Indicate physical start address of the block to be loaded into the Cache from the Memory:
Start address = 0x _007822A6_______                                                               (1 mark)

· Indicate values of V, D and R bits in TLB after the reference:                    (2 marks)
V = ___1_____;  D = ___1_____; R = ____1_____ 

· Indicate values of V, D and R bits in Cache after the reference:                  (2 marks)
Cache bank # ___1____; V = ___1_____;  D = ___1_____; R = ____1_____ 

Section 3: Interfacing processor and peripherals, Hard Disk Drive & Bus
Hard Disk Drive Maxtor ATA100 - Model: STM305004N1AAA-RK) has the following specification: 
a) Number of platters (disks) in the HDD = 6, b) Number of cylinders = 1,400,000,

c) Number of Sectors = 63, d) Sector size = 512 Bytes, e) Disk rotation speed =7200 rpm; 
f) Maximum (guaranteed) seek time = 9 ms (time to find the initial sector of the page)                                
Question 3.1

For this Hard Disk Drive calculate the maximum number of pages to be stored if page size is equal to 4 K Words (1 word = 32 bits).

1) Total volume of HDD = _504.684 _____ G Bytes                                          (2 marks)
Show calculations 
HDD  Volume = [6 disks x2 sides x 1,400,000 x 63 x 512 Bytes]/1024x1024x1024 = 504.684 GB
2)  Number of pages to be stored in HDD = _33,075,000 ____                         (2 marks)
Show calculations

.N pages = 504.684 x 2^30 B / 4 x 2^10 x 4 B = 33,075,000 pages_______

Question 3.2

HDD-controller allows parallel data reading (writing) from (to) all platters of selected cylinder simultaneously. Page sectors can be accessed only sequentially.  

Calculate maximum page fault penalty (time to replace page when page fault occurs), assuming that “Write back” procedure is always initiated (worst case scenario), page requires the maximum data access time and there is no HDD-controller’s overhead:

1) Cylinder volume = __378_______ Kbytes                                                 (1 mark)
Show calculations: Cylinder vol. = 6 disks x 2 sides x 63 sectors x 512 B = 378 KB  
2) Number of pages stored at one cylinder = __23_____                                (2 marks)
Show calculations__378 KB / 16 KB = 23.625 => 23 pages____ 

3) Time to read (write) a page (without seek time overhead) assuming that all pages at one cylinder could be accessed during one rotation of the disk assembly

Page Rd / Wr time = __0.362__ mS                                                                    (2 marks)
Trd/wr(page) = (1 page/ 23 pages) x period of one rotation = 1/23 x 1 min/7200 =
= 1/23 x 60/7200 = 0.362 msec. 

4) Calculate Page fault penalty in worst case scenario (when maximum seek time is required as well as “write back” procedure) 

Page fault penalty = __18.725 ______ ms                                                     (2 marks)
Page fault penalty = 2 x [9ms (seek time) + 0.362 ms (page rd/wr time)] = 18.725 ms.
                                 I

                            Write back

Section 4: Video-output subsystem organization
Specification: i) The video-output subsystem has to provide graphic video-output to standard HDTV-set (720p - progressive) with resolution 1280 pixels x 720 lines (rows) with 75 frames per second refresh rate; ii) The color resolution =  16.8 million colors (16,777,216). R, G and B color components should be encoded in equal number of bits. 

iii) The video-output subsystem should also provide video-text generation to the HDTV-set working in character mode. Number of possible characters to be displayed = 512, number of characters in video-text is 80 characters per row and 25 rows / screen. Each character is displayed by 16 x 24 pixel matrix in one of 128 possible colors;
iv) the video-output subsystem should be implemented in the FPGA coupled with Video-RAM and RGB-to-HDTV Converter (Toshiba TC90240XBG ASIC). The block diagram of the video-system is presented in Figure 5.
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Figure 5: Block diagram of the video-output subsystem

Question 4.1   Synchronous -signal generator:

Calculate the frequencies of the following: 
 i)   Vertical synchronization signal     Fvs = 75frames/sec => 75 Hz              (1 mark) 
ii) Horizontal synchronization signal F hs = _54 Hz                                      (1 mark) 

Show calculations F hs = 75 frames/sec x 720 rows = 54,000 Hz = 54 KHz    
iii) Video-clock generator if each pixel generation needs 2 clock cycles.
      Video-clock rate = __138.24 ___ MHz                                                    (1 mark)
Show calculations:  Video c.c = (1280 pixels/row x 720 rows / frame x 75 frames/sec.) x 2c.c = 138,240,000 Hz = 138.24 MHz  
Question 4.2 Video-Frame memory (Graphic mode):

1) Calculate the total volume of Video-RAM in Graphic mode, which should have two pages. One page is used for displaying the current video-frame and another page is needed to accumulate the next video-frame.

The total number of bits per pixel = log 16,777,216 = log 2^24 = 24 bits per RGB. Therefore:  24 bits can be equally distributed by R= 8 bit + G=8 bit + B=8 bit per pixel


                                                                                                                               (1 mark)

Total number of pixels / video-frame = 1280 x 720 =  921,600 pixels                (1 mark)
Thus, the total volume of the Video-RAM = __5.274_MB                                (2 marks)
Show calculations: V video-ram = 921,600 x 24 bit (3B) x 2video-pages / 1024x1024 =
= 5.274 MB

2) Calculate required data access (cycle) time for Video-RAM memory chips:

Note: This time must not exceed pixel display time (assuming that R,G and B words can be accessed in parallel)  

SRAM chip data access time = ___14.5_ ns                                                  (1 mark) 

Show calculations: 1 sec / 75fps x 1280 x 720 = 14.5 ns
Question 4.3 Video-RAM (Character mode):

1) Calculate the volume of the Character RAM (part of Video-RAM) which contains images of all 255 possible symbols (characters), when each symbol is encoded by 16 x 24 pixel matrix. 
Total Character RAM volume = 12 KB                                                        (2 marks) 
Show calculations: Vram_char = 16 x24 bits x 255 / 8 (bits per Byte) x 1024 = ~12 KB  

2) Calculate the volume of the Video-RAM to be reserved for encoding the video-text (80 characters per line x 30 lines), when symbol can be displayed in one of 256 colors. 
      Each symbol is encoded by log 256 (colors) =8 bits                                      (1 mark)

Total Video-text memory volume = _4800___Bytes                                    (1 mark)

 Show calculations: Vram_text = 80 x 30 x [1Byte (symbol) + 1 Byte (color)] = 4800 B        
Section 5: Bus arbitration and Direct Memory Access 
The above embedded system is equipped with the I/O Processor to provide access to Main memory for the Video-output sub-system, HDD and I/O Ports (Figure 6)

[image: image3]

Figure 6: Block diagram of I/O sub-system
Question 5.1
Circle the type of arbitration scheme used in the I/O Processor arbiter according to the Block diagram shown in Figure 6:                                                                     (1 mark)
a) Centralized serial (Daisy chain) arbitration; 

b) Centralized parallel arbitration;

c) Distributed arbitration with self-selection;

d) Distributed arbitration by collision detection.

 Question 5.2

According to Block diagram shown in Figure 6 determine the priority level for each I/O controller (Note: Highest priority is “1” and the lowest priority is “3”):            (1 mark)
a) Video-output controller priority level = ____2____
b) SCSI subsystem priority level =             ____1____
c) I/O Port controller priority level =          ____3____
Question 5.3

The SCSI-3 layer with Fast-80 feature (20 MHz, 16 bit parallel bus) is used to interface the above HDD with the virtual memory controller (see Figure 1) via I/O processor.  
Calculate maximum SCSI-3 bus bandwidth = __38.146_MB/s                         (2 marks)
Show calculations: BW scsi = (20 MHz x 16 bit / trans) / 8 bit per Byte x 1024 x1024 =

=  38.146 MB/s   

Question 5.4
The page replacement between Main memory and HDD is conducted in DMA Burst mode (Block transfer mode). The block size for page replacement procedure is equal to 16 words (1 word = 4 Bytes). The page size (according to Virtual Memory organization) is equal to 4K Words. Taking to the account SCSI-bus bandwidth determine the following:  
a) Period of time after granting the access to the Main memory for SCSI-controller (via I/O Processor) when CPU will not be able to communicate with the Main memory.

Note: Period of one block transfer from/to SCSI-controller does not have any HDD overhead because the requested page is already stored in SCSI FIFO-buffer.

Period of block transfer = ___1.6___ micro sec.                                           (2 marks)
Show calculations T bt = 16 words x 4B / 20 x 10^6 Hz x 16 bits = 1600 ns 
b) How many cycles of BR (Bus Request) & BG (Bus Grant) is needed for one complete page replacement (in worst case scenario when D-bit = 1 in any page fault case). 

Number of Request / Grant cycles = __512___                                        (2 marks)
Show calculations: N br/gr = 2 pages (due to write back) x 4 KW per page / 16 W per block transfer = 512 cycles 
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