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中 文 摘 要 ： 隨著製程技術的進步以及物理材質限制下，對單核處理器

(Uni-processor)縮小製程，提升之效能已經遇到瓶頸，所增

加之功率消耗也成為嚴重的負擔。透過 Gustafson｀s law 

得知，運用多核心處理器(Many-core) 能夠提升平行化工作

的效能，藉此改善系統效能並且有效控制耗能需求。目前多

核心架構下，記憶體 層級(Memory hierarchy)設計中，晶片

內快取記憶體架構主要分為私有式快取記憶體(Private 

cache)與分 享式快取記憶體(Shared cache)。私有式快取記

憶體主要概念為將快取記憶體分成好幾個區塊，每個區 塊都

只由特定處理器作存取動作。而分享式快取記憶體則能讓所

有處理器存取。現有記憶體階級設計 下，私有式快取記憶體

通常應用於需要快速存取的裝置，例如與處理器頻繁傳輸資

料的 L1 或 L2 快取 記憶體。而分享式快取記憶體由於容量

使用效益較好，通常應用在最後層快取記憶體上(Last level 

cache)，確保應用程式的工作資料量(workload)能夠盡量保

存在晶片記憶體內(On-chip memory)，不需要 存取速度較慢

的晶片外部記憶體 (off-chip  memory) 。晶片外部記憶體

通常為動態隨機存取記憶體 (DRAM)設計，多核心處理器能透

過多個記憶體控制器(Memory controller)同時地存取資料。

許多文獻針對晶片內快取記憶體(On-chip  cache  memory) 

以及晶片外動態隨機存取記憶體(Off-chip DRAM memory)作

相關研究，針對不同層記憶體架構，提出不同技術改善多核

心系統的執行效率、功 率消耗、服務平衡(Quality of 

service)⋯等等目的。我們在這個計畫提出三個創新技術：

1. 考量執行緒關鍵性的動態快取記憶體重整機制；2. 免壓

實之資料壓縮式快取記憶體機制；3. 多執行緒下減少記憶體

記憶庫衝突的資料管理機制。目的分別為改良動態快取記憶

體機制來進一步降低快取記憶體的耗能、設計新的免壓實式

的資料壓縮快取記憶體來增加執行效率以及降低耗能、設計

新的控制技術來降低平成程式中再主記憶體内記憶庫衝突。 

中文關鍵詞： 動態快取記憶體、壓縮快取記憶體、資料搬移、多執行緒應

用程式、多核心系統、記憶體記憶庫衝突。 

英 文 摘 要 ： With the advances of VLSI design technology, the 

performance of 

Uni-processors has reach its limitation. The 

increasing power dissipation also becomes a great 

burden of the design. Through Gustafson＇s law,  

many-cores system can improve the system performance 

and reduce energy consumption. For memory hierarchy 

design of multi-cores system, cache inside the chip 



can be divided into two categories, one is private 

cache and the other is shared cache. The main idea of 

private cache is to divide the cache into several 

partitions, each partition can be accessed by a 

specific processor. On the other hand, shared cache 

can be accessed by all processors. Under modern 

design, private caches are often used as first level 

caches which need to access the cache frequently, 

such as L1 and L2 caches. Share caches often have 

large capacities, such as last level caches. This can 

avoid the system from accessing on-chip or off-chip 

memory. A multi-core system may have multiple memory 

controllers. 

Many researches have focused on the topics about on-

chip cache memorys and off-chip memrys and present 

their new methods to improve performance, energy 

consumption and quality of service⋯etc. In this 

project, we proposed three different new 

technologies: 1. Thread-criticality aware dynamic 

cache reconfiguration in multi-core system ； 2. 

Compaction-free compressed cache for high performance 

multi-core system ； 3. Dynamic Data Migration to 

Eliminate Bank-level Interference for Data Parallel 

Applications in Multicore Systems. The objectives of 

these methods are to improve the energy efficiency of 

reconfigurable cache by predicting  the criticalities 

of threads, to design new compaction-free compressed 

cache to improve performance and decrease the energy 

consumption, to design new dynamic data migration 

technique to eliminate memory contention inside the 

main memory. 

英文關鍵詞： reconfigurable cache、compressed cache、data 

migration、multi-threaded applications、multi-cores 

system、memory contention. 

 



一、中英文摘要: 

英文摘要：          With the advances of VLSI design technology, the performance of 
Uni-processors has reach its limitation. The increasing power 
dissipation also becomes a great burden of the design. Through 
Gustafson’s law,  many-cores system can improve the system 
performance and reduce energy consumption. For memory 
hierarchy design of multi-cores system, cache inside the chip can 
be divided into two categories, one is private cache and the other 
is shared cache. The main idea of private cache is to divide the 
cache into several partitions, each partition can be accessed by a 
specific processor. On the other hand, shared cache can be 
accessed by all processors. Under modern design, private caches 
are often used as first level caches which need to access the cache 
frequently, such as L1 and L2 caches. Share caches often have 
large capacities, such as last level caches. This can avoid the 
system from accessing on-chip or off-chip memory. A multi-core 
system may have multiple memory controllers.  
 
Many researches have focused on the topics about on-chip cache 
memorys and off-chip memrys and present their new methods to 
improve performance, energy consumption and quality of 
service…etc. In this project, we proposed three different new 
technologies: 1. Thread-criticality aware dynamic cache 
reconfiguration in multi-core system ; 2. Compaction-free 
compressed cache for high performance multi-core system ; 3. 
Dynamic Data Migration to Eliminate Bank-level 
Interference for Data Parallel Applications in Multicore 
Systems. The objectives of these methods are to improve the 
energy efficiency of reconfigurable cache by predicting  the 
criticalities of threads, to design new compaction-free 
compressed cache to improve performance and decrease the 
energy consumption, to design new dynamic data migration 
technique to eliminate memory contention inside the main 
memory.  
 
 
 

 
英文關鍵詞：reconfigurable cache、compressed cache、data migration、multi-
threaded applications、multi-cores system、memory contention.
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中文摘要：隨著製程技術的進步以及物理材質限制下，對單核處理器(Uni-
processor)縮小製程，提升之效能已經遇到瓶頸，所增加之功率消耗

也成為嚴重的負擔。透過 Gustafson's law 得知，運用多核心處理器

(Many-core) 能夠提升平行化工作的效能，藉此改善系統效能並且

有效控制耗能需求。目前多核心架構下，記憶體 層級(Memory 
hierarchy)設計中，晶片內快取記憶體架構主要分為私有式快取記

憶體(Private cache)與分 享式快取記憶體(Shared cache)。私有式快

取記憶體主要概念為將快取記憶體分成好幾個區塊，每個區 塊都

只由特定處理器作存取動作。而分享式快取記憶體則能讓所有處

理器存取。現有記憶體階級設計 下，私有式快取記憶體通常應用

於需要快速存取的裝置，例如與處理器頻繁傳輸資料的 L1 或 L2 
快取 記憶體。而分享式快取記憶體由於容量使用效益較好，通

常應用在最後層快取記憶體上(Last level cache)，確保應用程式的

工作資料量 (workload)能夠盡量保存在晶片記憶體內 (On-chip 
memory)，不需要  存取速度較慢的晶片外部記憶體  (off-chip  
memory) 。晶片外部記憶體通常為動態隨機存取記憶體 (DRAM)
設計，多核心處理器能透過多個記憶體控制器(Memory controller)
同時地存取資料。 

 
 

許多文獻針對晶片內快取記憶體(On-chip  cache  memory) 以及晶

片外動態隨機存取記憶體(Off-chip DRAM memory)作相關研究，

針對不同層記憶體架構，提出不同技術改善多核心系統的執行效

率、功 率消耗、服務平衡(Quality of service)…等等目的。我們在

這個計畫提出三個創新技術：1. 考量執行緒關鍵性的動態快取記

憶體重整機制；2.  免壓實之資料壓縮式快取記憶體機制；3.  多執

行緒下減少記憶體記憶庫衝突的資料管理機制。目的分別為改良

動態快取記憶體機制來進一步降低快取記憶體的耗能、設計新的

免壓實式的資料壓縮快取記憶體來增加執行效率以及降低耗能、

設計新的控制技術來降低平成程式中再主記憶體内記憶庫衝突。 
 
 
關鍵詞  : 動態快取記憶體、壓縮快取記憶體、資料搬移、多執行緒應用程式、

多核心系統、記憶體記憶庫衝突。  
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二、研究計畫之背景及目的 

(1) Architectural Full System Simulator (第一年)： 

我們架構並熟悉 GEMS 和 Simics 系統，在考量 Wide I/O DRAM memory 架構

下，針對記憶體層級 設計(Memory hierarchy design)和記憶體控制器  (DRAM 

controller)作相關模擬研究。 
 

(2) Memory Hierarchy Design (第一、二、三年)： 

我們主要針對多核心平台做了三種不同的記憶體架構的創新技術。 

主要創新技術一： 考量執行緒關鍵性的動態快取記憶體重整機制 

動態快取記憶體機制已被有效運用來降低快取記憶體的耗能。在這創新技術中，

我們動態去預測多核心環境中執行緒的關鍵性(Thread criticality) ，並根據不同

的關鍵性去對快取記憶體 Cache line size 與 Cache way 做動態調整。圖一為我

們針對 multi-threaded applications 去測量各 thread 的 criticality 差異性。 

 
圖一  PARSEC benchmarks criticality 差異性 

根據執行時不同 thread 的 criticality，我們設計的動態快取記憶體機制可以將 non-

critical thread的沒有使用到的 cache memory來減少耗能，並且自動選擇最適合

cache line size 給 critical thread。圖二為我們提出的機制。機制中會有一硬體表

來記錄 data locality 並在動態調整 cache line size 時使用，如圖三所示。 
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圖二 考量執行緒關鍵性的動態快取記憶體重整機制 

 

 

圖三 動態硬體表記錄 memory access bound 

 

主要創新技術二：免壓實之資料壓縮式快取記憶體機制 

資料壓縮式快取記憶體為目前為一有效的增加 Last level cache 的 capacity

的方法。但資料壓縮時，資料區塊大小可能有多種大小，如圖四所示。這導致

快取記憶體為了容納這些大 小不一的壓縮資料區塊時會資料破碎

fragmentation 的問題存在。所以一般為了解決這個問題，會使用壓實

compaction 這個方法如圖五所示。 
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圖四 SPEC CPU 2006 中程式平行執行過程中 data compression size 變化 

 

圖五 Compressed Cache 中 Compaction 的使用 

 

圖六為我們新設計的 compaction-free architecture。新增的元件為 filter 

logic、collapsing logic 與 insertion logic，filter logic 用來挑選哪些

資料區塊為目標資料區塊，collapsing logic 把這些目標資料區塊合併為一

連續區塊，而 Insertion logic 則為把連續資料分散到不同小單位的資料區塊

的元件。 

 



6
 

圖六 The overall architecture of our compaction-free compressed cache 

 

主要創新技術三：多執行緒下減少記憶體記憶庫衝突的資料管理機制 

考量多執行緒平行程式中對於不同資料區塊做平行化的應用軟體，像是 Stencil 
applications，對於資 料的使用往往大於快取記憶體能容納的容量，其不同執行

緒對記憶體的存取就會產生記憶庫衝突 (memory banks conflicts) 。先前的研究

對於多核心架構上主記憶體記憶庫衝突的解決方法可分為單 純從作業系統上的

記憶體內存頁分配 (page allocation)來解決[1]，單純從記憶體控制器的調度方式 
(memory controller scheduling)上解決[2]，或者是由作業系統與記憶體控制器一

起合作來解決問題， 像是 page migration 等等的做法[3]。然而，當多核心平台

上執行的程式為多執行緒平行程式，尤其 是針對不同資料區塊做處理的平行程

式時，由於使用的資料為每個執行緒所共享的，上述隔離干擾 的研究方法會無

法奏效。所以我們根據多執行緒程式動態調整在主記 憶體中的資料位置，進而

降低記憶體記憶庫衝突，提升系統效能。 

 

為了動態減少記憶庫衝突的發生，我們發現在一般 data parallel applications 的記

憶體存取的模式中存在一種 update-and-reuse 的模式，即更新過的資料有很大的

機率會再被同一個 thread 讀取到，圖七為各種 data-parallel applications memory 

access 行為中，update-and-reuse pages 所占比例。 
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圖七 Update‐and‐reuse Pages Ratio in Data‐parallel Multi‐threaded Applications 

由此發現我們提出了動態資料搬移的技術，主要分為更動作業系統與記憶體控制器

的部分如圖八與圖九所示。 

 

圖八  作業系統層級改動 
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圖九 記憶體控制器改動 

三、研究方法及進行步驟  
對於三種不同的創新技術我們對其中對於快取記憶體、作業系統、以及記憶

體控制器分別需要做哪些架構上的改變分別詳細介紹。 
 
(a) 創新技術一 : 考量執行緒關鍵性的動態快取記憶體重整技術 

主要分為 private L1 cache 和 shared L2 cache 的 capacity 調整技術。

Private L1 cache 容量調整技術控制的流程圖如圖十所示。首先判斷 thread 
criticality 是否比最大的 thread criticality × 0.8 少，假如是的話就會被當成是

low criticality group 而被縮減 cache line size。若否，則在去比較 miss count 與
average miss count 的差異來進一步決定 cache line size。 
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圖十 Private L1 cache 動態快取記憶體重整控制依據 

Shared L2 cache 的容量調整技術流程圖如圖十一所示。所有的 cores 都會算出

對應的 criticality weight 與該 core 決定要 shrink 或是 expand 的決定，再利用投

票表決的結果決定最後到底要增加或是減少容量。 
 

 
圖十一 Shared L2 cache 動態快取記憶體重整控制依據 

 

(b) 創新技術二 : 免壓實之資料壓縮式快取記憶體機制 

針對 compaction 所造成的 performance overhead，我們提出包含三種

circuits 的新架構來增加效能，分別為 filter logic、 selection logic、跟

collapsing logic。 
 
運作模式分為 cache hit (圖十二)與 cache miss (圖十三)的情況。在 cache hit 的
情況下，tag ID 會先被比對並將資訊帶到 filter logic 中，filter logic 會將對應

此 tag ID 的欄位都設為 1，再來 collapsing logic 會將這些欄位為 1 的資料搬

移為連續資料輸出。Cache miss 的情況則是先由 filter logic 比對所有 free 
segment 的位置然後傳給 insertion logic，insertion logic 再將從記憶體搬來的資
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料拆開到各 segment 之内。 

 
圖十二 A cache hit example in our new cache design 

 

 
圖十三 A cache miss example in our new cache design 

 

(c) 創新技術三 : 多執行緒下減少記憶體記憶庫衝突的資料管理機制 
   
 作業系統層級的改動 

由於軟體端對於記憶體的使用只使用兩層 Time frame 的空間大小，所以整體

記憶體使用量並不會很 大，我們修改作業系統使其在分配記憶體內存頁時，

會把位於 free-page  list 中除了決定記憶庫位址的 bits 之外的 bits 都一樣的內

存頁都保留成保留內存頁(Reserved pages)，並將這些資訊傳遞給記憶體控制 

器做進一步的記憶庫衝突控制。 
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 記憶體控制器的改動 

記憶體控制器需要收到作業系統保留額外的內存頁資訊，並建立一個額外的硬

體目錄以供查詢這些保 留內存頁，每一個硬體目錄單元紀錄著一份內存頁的實

體記憶體位址，並指向第二層對應的硬體目錄，第二層硬體目錄中紀錄著在此

內存頁中不同快取記憶體區塊的位置，由於作業系統已針對此內存頁額 外保留

了各個記憶庫的內存頁，表示我們可以任意移動同一內存頁的不同快取記憶體

區塊到其他保留 內存頁的相對位置。當最後一層快取記憶體要更新時，會將要

寫回記憶體的快取記憶體區塊寫回記憶體。此時，根據其資 料來源的核心編號

(Core ID) ，我們可將資料寫到對應其編號的記憶庫保留內存頁面中，並在上述

的硬 體目錄中紀錄此內存頁面實體位址以及第二層硬體目錄中紀錄搬移目的地

的記憶庫編號。由於每個工 作單元存取的資料基本上是獨立的，此套架構會在

程式執行時藉由更新資料搬移資料到對應核心編號 的記憶庫中，進而降低記憶

庫衝突的發生率。 
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四、結果與討論 
 
 
(1) Memory Hierarchy Design (第一、二、三年)：  

研究結果分為三種不同創新技術的成果展示。 

(a) 創新技術一 : 考量執行緒關鍵性的動態快取記憶體重整技術 

圖十四顯示我們的方法在耗能上比之前的方法更為有效減少耗能。(比 DCCR[3]

減少 16%耗能，比 TCaT[4]減少 8%耗能) 

 

圖十四 整體快取記憶體耗能比較 

 

 

(b) 創新技術二 : 免壓實之資料壓縮式快取記憶體機制 

圖十五為我們架構與之前架構的執行時間比較結果。跟 Baseline 相比有

16%效能上的提升，而與之前方法 VSC[6].與 DCC[7].相比各有 5%及 3%
的提升。 

 
圖十五 Performance results by using different cache architectures 

(c) 創新技術三 : 多執行緒下減少記憶體記憶庫衝突的資料管理機制 

我們實驗環境設定成十六核心、主記憶體有 八 個記憶庫的平台，透過我
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們的軟硬體搭配的記憶庫衝突緩衝的方法來執行 Multi-threaded stencil 
applications。圖十五顯示我們利用 Pluto  自動產生 Heat 3D 程式的 Task 
dynamic scheduling (diamond-shape) 平行程式以及 PARSEC benchmarks
的實驗結果比較。其中 OSC.[1]為 OS page coloring 的方法，PRAM.[2]為
Multi-threaded memory controller scheduling 的方法。圖九可以看到我們提

出的方法跟 OSC.相比有效提升了執行效率大約 13.2%，而與 PRAM.相比

則提升了 9% 

 

 
圖十五 各方法執行時間的比較 
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Time-Multiplexed Dual Role TSV for Fault Tolerance at

Module Level

Abstract

In order to increase the yield of 3-D IC, fault-tolerance technique to recover failed TSV is essential. In

this paper, an architecture of TSV recovery by using test elevator TSV is proposed. With the architec-

ture, no dedicated redundant TSV is required to be inserted in advance. Hence, no extra area incurs.

TSV assignment algorithm based on min-cost maximum-flow is proposed taking into consideration the

locations of functional TSV as well as test TSV, so that the total Half-Perimeter Wire Length (HPWL)

of a 3-D IC design is effectively reduced. Experimental results show that the total wirelength of 3-D IC

testing is improved by 20% in average compared to that of spare TSV approach.



1 Introduction

Global interconnection has become a major bottleneck of performance and power for System on Chip

(SoC) in single-chip integration. To tackle this problem, three-dimension Integrated Circuit (3-D IC)

provides shorter interconnection by using Through-Silicon-Vias (TSVs) linking signals among multiple

stacked dies [1].

TSV is a critical component in 3-D IC. Just like any other component, fabrication and bonding of

TSV may fail [2,3]. A faulty TSV can be detrimental to the yield. To improve the yield, some recovery

mechanism for faulty TSV is essential. To increase the yield of 3-D IC, a lot of methods to recover

faulty TSV were proposed.

Among others, a simple but effective solution is to add redundant TSVs for faulty TSVs. The first

shifting structure to shift a signal going through faulty TSV to redundant TSV was proposed by Hsieh

et al. [10]. Then, following the same idea proposed by Hsieh, a built-in-self-repair (BISR) circuit for

recovering faulty TSV in 3-D Random Access Memory using global redundant TSVs was proposed by

Wu et al [7]. Xie et al. [?] introduce a yield-aware TSV defect searching and replacing strategy with

built-in-self-test (BIST) design. Later on, Ye and Chakrabarty proposed spreading spare TSVs for

faulty TSVs in considering physical locations [9]. Jiang et al. [?] propose a TSV repairing architecture

to enhance the ability of recovering faulty TSV. Although these TSV recovery methods successfully

recover faulty TSVs, they all need extra area to accommodate spare or redundant TSVs. Besides

these recovery techniques using extra TSVs, TSV recovery without extra area was introduced by using

sharing signal wires of pre-bond clock tree, reconfigurable routing hardware and fault-tolerant unit

(TFU) [?,6,8]. However, these methods can be applied only to TSVs of clock tree and network-on-chip

in 3-D IC.

On the other hand, 3-D IC testing has also been an active research area. Testing of SoC design in

3-D IC has its unique technical features that are different from testing in 2-D SoC design. Testing SoC

design in 3-D includes pre-bond and post-bond testings where the former tests individual die before

stacking and the latter tests the whole circuit after stacking. Lewis et al., proposed the first paper

dedicated to testability of pre-bond 3-D IC [4]. Chi et al., presented an architecture and implementation

for Design-for-Test (DfT) method for 2.5-D and 3-D pre- and post-bond testing [5, 16]. Marinissen et

al., presented a 3-D DfT architecture for 3-D-SICs that allows pre-bond die testing and post-bond



Table 1: Comparison of the charaterisitcs of different TSV recovery techniques
Recovery Scheme Dedicated TSV Design Type

redundant TSV [?,10] yes general
spare TSV [?,9] yes general

redundant TSV [7] yes memory
clock wires for pre-bond test [?, 8] no clock tree

reconfigurable routing hardware [6] no Network-on-Chip
our test and redundant TSV no generalstacking testing.

In the above mentioned work related to testing 3-D IC, all DfT architectures are based on modular

test approach. That is, its die-level and embedded core wrappers utilize IEEE STD 1500 [19]. In these

test architectures, there are TSVs regarded as test elevator TSVs dedicated to transport test control

and data signal up and down among dies during post-bond test. These test TSVs are used to transport

test data only during post-pond testing and are not used during normal mode [11]. This important

feature makes these test elevator TSVs redundant TSVs in normal mode. That is, by time-multiplexing,

these TSVs have dual roles: as a test elevator TSV in scan mode and as a redundant TSV in normal

mode.

In this paper, we propose a new architecture to recover faulty TSV by using test elevator TSV.

Table 1 summarizes different TSV recovery techniques. In this table, we can see that the first three

methods require extra area for redundant TSV while the last three methods do not need dedicated

TSVs for recovering. However, the fourth can only be applied to clock signal and the fifth only to NoC.

Our method is the only technique that uses no dedicated TSV and can be applied to any TSV

signal.

The rest of this paper is organized as follows. In Sections 2 and 3, we introduce our architecture

for TSV recovery and problem definition. Section 4 presents our algorithm for TSV recovery using test

elevator TSV. Section 5 shows our experimental results. Finally, the conclusion of this paper is given

in Section 6.

2 Preliminary

In this section, the architecture for TSV recovery and the fault model are described in Section 2.1.

Then, in Section 2.2, TSV-block for TSV placement is presented.



Figure 1: Architecture of TSV recovery (a) normal mode and (b) recovery mode

Figure 2: 3-D IC design with TSV-blocks

2.1 Review on Architecture for TSV Recovery

The architecture of TSV recovery using redundant TSV is adopted [10] and shown in Figure 1(a). For

each TSV, two configuration MUXs are added at two ends to shift the signal to neighboring TSV when

one TSV fails. The TSVs are connected as a chain where the redundant TSV is placed at the end of

the chain. When no TSV fails, all signals are transferred by original TSVs. When a TSV fails, the

signal of the failed TSV needs to be shifted. This in term causes all signals between the failed TSV and

the redundant TSV to be shifted. For example, let TSV1 fail as shown in Figure 1(b). The selection

inputs of configuration MUXs for TSV2, TSV3, and TSV4 are set to 1. The signal paths after shifting

are shown in Figure 1(b).

The recovery rate for a failed TSVs is analyzed based on probabilistic models. According to the

result presented in Hiesh’s work [10], assuming that single-fault model is used and the failure rate of a

single TSV ranges between 10−4 to 10−5, the recovery rate is 90% when the number of TSVs in a chain

is no greater than 50, and 95% when the number of TSVs in a chain is no greater than 25.

We will adopt this architecture to recover failed TSV in this paper. In the following, the term

TSV-chain will be used to refer to the structure of this redundant TSV architecture.

2.2 3-D IC Design with TSV-blocks

TSVs are not recommended to be placed arbitrarily on a plane. From the aspect of manufacturing,

a regular placement of TSVs improves the exposure quality of the lithographic process and therefore

improves the yield. Because of manufacturing and physical design issues, TSVs are suggested to form

a regular placement in TSV-blocks. This 3-D IC design with TSV-blocks provides several beneficial

properties [10,17]. In real designs, TSV-blocks can be determined in floorplan stage. Inside each TSV

block, TSVs can then be arranged in a grid-based structure to satisfy the pitch constraint. Moreover,

TSV recovery architecture can be easily implemented by using shifted TSV-chain structure in 3-D IC

design with TSV-blocks. Figure 2 shows fault-tolerant TSV-chains are constructed in 3-D IC with

TSV-blocks where grey and black circles represent TSVs and redundant TSVs, respectively.



3 Test Architecture and Problem Definition

3.1 Test Architecture in 3-D IC

A conceptual overview of 3-D IC test architecture is shown in Figure 3. In this stacking integrated

circuit, during 3-D post-bond scan mode, the test data of active devices on different dies are transported

by using test elevator TSVs. In this figure, the grey arrows between dies represent test elevator TSV

constructing test data paths in a 3-D IC DfT architecture where external I/Os at the bottom die

are wrapped by IEEE 1149.1 Boundary Scan and intra-die is implemented based on IEEE 1500 core

wrappers and TAMs (test access mechanisms). For 3-D IC test architecture with IEEE 1500 standard,

each die has its own user-defined TAMs to support a parallel scan mode. Then, each core can have

its own TAM-in/out ports consisting of a number of data and control lines for parallel test operations.

Each core wrapper has a wrapper instruction register (WIR), which is used to store the instruction to

be executed in its corresponding core. Furthermore, there are internal scan-chains for existing intra-die

DfT in each die.

For SoC design, the IEEE 1500 standard provides a scalable architecture to test the embedded cores

and interconnects between cores. The external test for testing core-to-core interconnects is prior to

internal test in cores. In external testing, special instructions allow testing of core-to-core interconnects.

After external testing, the test data can be loaded into WBRs (wrapper boundary registers) and then

send to function input and internal scan-chain of corresponding core. Finally, functional test in core

can be performed.

Similar to SoC design, IEEE 1500 standard can be applied to external and internal test at core-level

in 3-D DfT architect (under discussion for standard). One difference is that in 3-D IC design, testing of

TSV is usually performed before testing the whole design [7,9,12,13,20]. Before external and internal

test of core-level design, whether a TSV is faulty is known.

3.2 TSV Redundancy Using Test Elevator TSV and MUX Configuration

Based on TSV-blocks design method with TSV redundancy and 3-D IC DfT architecture, our proposed

architecture will use test elevator TSV as redundant TSV. A test elevator TSV acting as a redundant

TSV in a TSV-chain is shown in Figure 4. In order to play two roles, the circuit of test elevator TSV

(redundant TSV) is modified. A MUX, denoted as DfT MUX, is connected to source end and a



Figure 3: An overview of 3-D IC test architecture

Figure 4: Architecture of TSV recovery with test elevator TSV (a) normal mode without faulty TSV,
(b) normal mode with faulty TSV, and (c) scan mode to transfer test data

de-MUX, denoted as DfT de-MUX, is connected to the destination end. During normal mode, the

selection inputs of DfT MUX and DfT de-MUX are configured to 1 and the TSV is a redundant TSV,

while during transferring test data of scan mode, the selection inputs of DfT MUX and DfT de-MUX

are configured to 0 and the TSV is a test elevator TSV.

In normal mode, since test elevator TSVs do not transport test data, test TSVs can be regarded as

redundant TSVs. These redundant TSVs can be used to recover failed TSV. If there is no faulty TSV

in the TSV-chain, the data is transmitted as shown in bold line of Figure 4(a). If there is a faulty TSV

in the TSV-chain, the last input (i.e., In4 in Figure 4(b)) will be shifted passing through redundant

TSV as shown in bold line of Figure 4(b).

In scan mode, when the TSV is used as a test elevator TSV to transfer test data, DfT MUX and

DfT de-MUX are re-configured to 0 as shown in Figure 4(c).

As to test flow, Figure 5 shows our proposed method of testing in 3-D IC. Suppose there is no faulty

TSV. In testing phase, test access is through external pins of the bottom die. Before transferring test

data in die wrapper, the selection inputs of DfT MUXs and DfT de-MUX is configured to 0. Next,

the test data is kept transmitted through test elevator TSVs in 3D-IC till all test data arrives their

designated die. Then, test data is transferred to each core and run. Finally, test response is sent out

for observation.

Suppose there is a faulty TSV on a TSV-chain, which can be found during TSV testing. Then, we

need to re-configure the DfT MUX and DfT de-MUX first as shown in grey box. First, before running

the test data, DfT MUX and DfT de-MUX are re-configured to 1 acting as a redundant TSV. Next,

before sending the test response to bottom die, DfT MUX and DfT de-MUX are re-configured back to

0. Note that if no failed TSV is found, the second and the third configuring steps for DfT MUX and

DfT de-MUX, i.e., grey boxes are removed in the flow.

Figure 5: Flow of testing in 3-D IC



3.3 Problem Formulation

Given a set of placed module blocks and a set of placed TSV blocks. Our object is to assign inter-die

interconnections including function signals (functional TSVs) and test signals (test elevator TSVs) to

TSV blocks so that

• the total wirelength of test nets are minimized

under the constraints that

• the total wirelength of functional nets remains the same as that without test nets, and

• there is sufficient test elevator TSV in each TSV block. This test TSV will also act as redundant

TSV to recover the failed TSV in this TSV-block.

4 Algorithm

A floorplanning tool that allocates TSV-blocks to all inter-tier signals and places all blocks at the same

time [18] is adopted in our design flow. This floorplanning tool outputs the locations of functional

modules and TSV-blocks, and capacities of TSV-blocks. Given the output of the floorplanning tool,

TSV assignment is to assign each TSV (functional TSV and test elevator TSV) to a TSV-block. In this

section, first, that the number of redundant TSVs required in TSV-block is estimated and allocated

in floorplanning stage is described in Section 4.1. Next, we define the cost function for an assignment

of a TSV to a TSV-block in Section 4.2. Then, in Section 4.3, we model the assignment problem as a

network flow optimization problem. Before we present the algorithm, for ease of explanation, a list of

notations is defined in Table 2.

4.1 Estimation and Allocation of Required Redundant/Test TSVs

To guarantee that there are enough test elevator TSVs to ensure a given recovery rate for each TSV-

block, the required number of redundant TSVs (i.e., test elevator TSV) required in a TSV-block, tbj,

needs to be calculated and allocated. Let N be the maximum number of functional TSVs allowed to

be chained in a TSV-block, tbj, for a given recovery rate.

α(tbj) =
cap(tbj)

N
(1)



Table 2: Notation List
ei the i-th net
tek the k-th net for 3-D IC testing
tsv(ei) the TSV used for ei
tsv(tek) the TSV used for tek
tbj the j-th TSV-block
cap(tbj) the capacity of tbjwhere cap(tbj), and N represent the number of TSVs that can be placed in a TSV-block, tbj, and

the maximum number of functional TSVs in the same TSV-chain mentioned in Section 2.1 and 2.2,

respectively. Therefore, for each TSV-block has its number of required redundant TSVs, α(tbj). Note

that, if there are not enough test elevator TSVs to satisfy α(tbj) redundant TSVs for a TSV-block, tbj,

the extra redundant TSVs are needed to be assigned in the TSV-block, tbj, until the desired recovery

rate are achieved.

4.2 Definition of Cost Function

In general, the priority of functional net is higher than that of test net because functional net affects

circuit performance. However, a function TSV assignment may lead a test net to make a long detour if

function TSV assignment does not consider the distribution of test nets. For example, suppose that a

functional TSV can be assigned to two TSV-blocks, tba and tbb where both have only one TSV capacity

and a test net has only one tba inside its bounding box. In this case, if the functional TSV is assigned

to tba, then the test net can not be assigned inside the bounding box of the net. Hence, a detour is

required and the wirelength is increased. Therefore, assignment of functional TSV should take into

consideration the distribution of test nets.

In order to take into consideration the distribution of test nets, we define a cost function for a

functional TSV, tsv(ei), assigned to a TSV-block, tbj, as

cost(tsv(ei), tbj) =
#tn

cap(tbj)
+

∑
tek∈TN

detour(tek)

detourmax
(2)

where TN represents the set of test nets whose bounding box intersect the the center of the TSV-block,

tbj. #tn represents the size of TN , cap(tbj) represents the number of TSVs that can be placed in the

TSV-block, tbj. detour(tek) represents the shortest detour wirelength of test net, tek, and detourmax

represents max{detour(tek, ), for all test nets}.

Note that, for a functional TSV to be assigned, we consider only those TSV-blocks that are inside

the bounding box of its net. As such in a TSV-block, the wirelength estimated by bounding box of the



net will not change. Therefore, there is no term in the cost function defined in Equation (1) to reflect

the wirelength of the functional net.

Next, we define the cost of assigning a test elevator TSV, tsv(tek), to a TSV-block tbj

cost(tsv(tek), tbj) = HPWL(tek, tbj) (3)

That is the half-perimeter wire length of the bounding box enclosing net tek and TSV-block, tbj.

We take Figure 6 (a) as an example to compute the cost function of assigning a functional TSV.

In this figure, we are to compute the cost, cost(tsv(e1), tb1), of assigning a functional TSV, tsv(e1), to

a TSV-block, tb1. Suppose that there are two test nets, te1 and te2, whose bounding boxes intersect

the center of tb1. The maximum detour wirelength equals 10 and the capacity of TSV-block tb1 is

5. The shortest detour(te1) and detour(te2) are 3 and 2 + 6, respectively. Then, The cost function is

cost(tsv(e1), tb1) = (2
5
) + ( 3

10
+ 8

10
) = 1.5.

4.3 Network-flow Optimization for TSV Assignment

Our assignment algorithm is performed tier by tier. At each tier, the assignment problem is modeled

as a network flow optimization problem.

Now, we show how to model the problem. Assume we are to assign functional TSVs and test

elevator TSVs at tier l. Let TSVF and TSVT denote the sets of TSVs for functional TSVs and test

elevator TSVs, respectively, to be assigned, and TSVBK represents the set of TSV-blocks at tier l.

The flow network to model the assignment problem is denoted by G(V,E), where node set V =

{(s∪DF ), (DT ∪CF ), (CR∪t)} and edge set E = {(IE∪FE), (TE∪OE)}. s and t represent the source

node and destination node of flow network. In this flow network, each node nei ∈ DF corresponds to

a functional TSV, tsv(ei), in TSVF , each node ntek ∈ DT corresponds to a test elevator TSV, tsv(tek),

in TSVT , each node ntbj ∈ CF corresponds to a TSV-block, tbj, in TSVBK , and each node ndtbj ∈ CR
corresponds to a duplication of TSV-block, tbj. This duplication is to ensure that in each TSV-block,

there are enough test elevator TSVs to act as redundant TSVs to recover failed TSVs. IE, FE, TE,

and OE represent incoming edge, functional assignment edge, test assignment edge, and outgoing edge,

respectively. Incoming edge is constructed from source to all nodes in DF and DT , and outgoing edges

are constructed from all nodes in CF and CR to destination node, t.

There are two types of assignment edges, functional assigned edges FE and test assigned edges TE.



An assignment edge, edgetsv(ei),tbj , in FE connecting a node nei (i.e., tsv(ei)) in DF and a node ntbj

(i.e., tbj) in CF represents a functional TSV, tsv(ei), is assigned to TSV-block, tbj. Assignment edges in

TE are further classified to two types. The first type is an assignment edge, edgetsv(tek),tbj , connecting

a node, ntek (i.e., tsv(tek)), in DT and a node, ntbj (i.e., tbj), in CF that represents a test elevator

TSV, tsv(tek), is assigned to TSV-block, tbj. The second type is an assignment edge, edgetsv(tek),dtbj ,

connecting a node, ntek (i.e., tsv(tek)), in DT to a node, ndtbj (i.e., a duplication of TSV-block tbj),

that ensures there is an assignment of test elevator TSVs to TSV-block for recovery of failed TSV.

For a functional TSV of a net ei, we construct edges only between the functional TSV and those

TSV-blocks that are inside the bounding box of net ei. For a test elevator TSV of a net tek, we construct

edges between the test TSV and all TSV-blocks and their duplications.

The capacity of incoming edge and assignment edge is set to 1. The capacity of an edge connecting

a node ntbj (i.e., TSV-block, tbj) and destination node t is set to cap(tbj) − αtbj . The capacity of an

edge connecting the duplication node, ndtbj , and destination, t, is set to αtbj . This capacity will ensure

that there are αtbj test elevator TSVs assigned to TSV-block, tbj, for fault recovery.

As to the cost of an edge, for incoming edges and outgoing edges, they are set to 0. For assignment

edges, the cost are assigned as we presented in Section 4.2. After we model the assignment problem as

the network flow, we find the minimum cost maximum flow of the network.

Take Figure 6 as an example to demonstrate the modeling. Figure 6 (a) shows that there are two

TSV-blocks, tb1 and tb2, two functional nets, e1 and e2, two test nets, te1 and te2. Four TSVs, tsv(e1)

of e1, tsv(e2) of e2, tsv(te1) of te1, and tsv(te2) of te2 are to be assigned to TSV-blocks.

There are two TSV-blocks, tb1 and tb2, in the bounding box of net e1. Hence, there are one edge

from ne1 to ntb1 and one edge from ne1 to ntb2 . Similarly, since tb2 is the only TSV-block in the bounding

box of e2, there is only one edge from ne2 to ntb2 . Since test elevator TSV, tsv(te1) (tsv(te2)), can be

assigned to any TSV-blocks, there are edges connecting nte1 (nte2) to ntb1 , ndtb1 , ntb2 , and ndtb2 . Let

the capacity of TSV-block, tb1, be 5, and one redundant TSV is required to recovery faulty TSV in

tb1. Then, we have the capacity of edgetb1,t being 4 and the capacity of edgedtb1,t being 1. Since the

cost of assigning tsv(e1) to tb1 is cost(tsv(e1), tb1) = 1.5 shown in Section 4.2, we have cost = 1.5 and

capacity = 1 on edgene1 ,ntb1
.



Figure 6: An example of flow network

Table 3: The ratio of Net degree of MCNC floorplan benchmark

degree 2 3 4 5
ratio 0.75 0.16 0.06 0.03

5 Experimental Results

Our experiment is developed on 3.0 GHz Linux environment with 16 GB memory. We implemented the

proposed algorithm using C++/STL programming language and performed experiments on all ITC’02

SoC test benchmark [24] except d281, h953, f2126, q12710, and a586710. The reason to exclude these

circuits is because they are small circuits with less than 15 blocks. Next, since the SoC test benchmark

only has the testing information such as the number of scan-chain, the number of input and output,

and the number of test pattern for developing SoC test scheduling, and has no physical information

such as the width and height of blocks, connecting relations among blocks, and pin location in block,

we need to generate the required physical information for 3-D IC floorplan. In our experiment, pitch of

TSV-to-TSV is set to 10µm [21] including 5µm TSV diameter and 2.5µm keep-out-zone at both sides.

For generating connecting relations, we first profile the net degree data from MCNC floorplan

benchmark [25] and compute the ratios of the number of nets with the same degree to the total number

of nets. The ratios of net degree are reported in Table 3. Based on the ratios of net degree in this table,

we establish connecting relations among blocks. Next, similar to a previous work [23], we determine

the width and height of block according to its numbers of inputs and outputs. Finally, the pins are

evenly placed at the boundary of its own block.

Next, given the test bandwidth, we use testing scheduling methods for 3-D IC testing proposed by

Wu et al., [22] to determine communications among blocks.

In our experiment, we first compare two architectures for TSV recovery: test elevator TSV and

spare TSV. Note that, a spare TSV is an extra TSV and test elevator TSVs can be regarded as a

free redundant TSV. In order to achieve 90% recovery rate of TSV, one redundant TSV per 50

functional TSVs is set [10]. Table 4 shows the numbers of spare TSVs and test elevator TSVs for

TSV recovery with different number of tiers, where #TSVfunc, #TSVspare, and #TSVtest represent the

numbers of functional TSVs, spare TSVs and test elevator TSVs, respectively. W32, W48, and W64 are



Figure 7: The comparison for 3-D IC testing wirelengths by ours methodology and greedy assignment

Table 4: The numbers of test elevator TSVs and spare TSVs

circuit name

2-tiers 4-tiers

#TSVfunc
#TSVspare #TSVtest

#TSVfunc
#TSVspare #TSVtest

W32 W48 W64 W32 W48 W64 W32 W48 W64 W32 W48 W64

g1023 1698 58 63 66 64 72 88 2412 82 83 96 102 104 116
p22810 1618 46 52 57 58 62 68 2287 71 75 93 84 108 108
p34392 912 31 35 38 44 54 54 1283 65 66 71 76 84 96
p93791 2724 60 60 62 62 66 72 3858 84 93 115 96 112 122
t512505 3028 62 67 74 64 78 84 4307 92 105 142 98 134 164

ratio 1.00 1.00 1.00 1.17 1.23 1.25 1.00 1.00 1.00 1.16 1.29 1.19

test bandwidths of 32, 48 and 64, respectively. Take the first row labeled g1023 as an example. Entry

“58” under column labeled #TSVspare and column labeled W32 means to achieve 90% recovery rate (at

least one redundant TSV per 50 functional TSVs), 58 spare TSVs are allocated for test bandwidth of

32 bits. Entry “64” under column labeled #TSVtest and column labeled W32 means that there are 64

free test elevator TSVs are available for fault recovery when test bandwidth is 32 bits. From this table,

we can see that the number of test TSVs is enough to achieve 90% recovery rate of TSV.

Table 5 shows the testing wirelength in two and four tiers under different test bandwidths, where

#block, #nets, WLspare and WLours represent the number of blocks, the number of nets, the wirelength

using spare TSV and the wirelength using test elevator TSV, respectively. The testing wirelength means

the total wirelength for connecting all core wrappers in 3-D IC DfT architecture. From this table, the

wirelength of ours method as compared to spare TSV-based method can be reduced by 20% to 24% in

average.

In order to place spare TSV, extra area is needed. Table 6 shows the total area comparison, where

areaspare and areaours represent the chip area using spare TSV and test elevator TSV, respectively.

It shows that using test elevator TSV as redundant TSV requires 3.4% and 4.1% in 2 and 4 tiers,

respectively, less area in average when compared to spare TSV method.

The next experiment is to compare the wirelength for 3-D IC testing by our method and greedy assignment

method. Greedy assignment method first assigns functional TSVs in TSV-blocks without detour, and

then assigns a test elevator TSV one by one to a TSV-block that has the shortest distance from the

test net to the TSV-block with free capacity. The wirelength of our method is 21.8% better than that

of greedy assignment as shown in Figure 7.



Table 5: Comparison for the wirelength of 3-D IC testing of spare TSV and test elevator TSV

circuit name #blocks #nets
2-tiers 4-tiers

WLspare (µm) WLours (µm) WLspare (µm) WLours (µm)
W32 W48 W64 W32 W48 W64 W32 W48 W64 W32 W48 W64

g1023 15 1603 25647 37458 51945 17456 25414 38542 21784 32745 42515 14784 22154 33258
p22810 29 1518 42176 63215 84751 36541 52145 71548 34584 51488 68587 27545 43548 60257
p34392 20 852 38451 58421 76541 27458 46218 62145 31530 48957 62985 24521 42158 55217
p93791 33 2577 53125 78542 105478 42154 63258 80641 43563 66215 86258 38547 56487 77458
t512505 32 2865 49851 72454 98745 43215 59214 83147 40878 62147 83541 31548 52147 73256

ratio 0.76 0.78 0.82 0.78 0.82 0.86

Table 6: Comparison for the area of 3-D IC of spare TSV and test elevator TSV

circuit name

2-tiers 4-tiers
areaspare (µm2) areatest (µm2) areaspare (µm2) areatest (µm2)

W32 W48 W64 W32 W48 W64 W32 W48 W64 W32 W48 W64

g1023 544644 550564 570694 529984 535824 559504 199809 196755 205450 190794 192897 201421
p22810 293764 306916 321489 274576 286225 297025 103684 109561 114244 98847 103041 106929
p34392 425104 444889 463362 412164 427716 454276 156025 158404 169744 148379 153978 163539
p93791 574564 589824 593812 559504 565504 582169 218089 212521 219024 201421 203581 209581
t512505 3239034 3283344 3449559 3175524 3319684 3381921 1166052 1218988 1241841 1143189 1195086 1217492
ratio 1.04 1.03 1.03 1.00 1.00 1.00 1.05 1.04 1.04 1.00 1.00 1.00

6 Conclusions

In this paper, we proposed an architecture of TSV recovery by using test elevator TSV. By our architec-

ture, no extra area incurs. The wirelength for 3-D IC testing based on test elevator TSV as compared

with that of spare TSV-based is improved by 20% to 24% in average. Furthermore, the wirelength of

3-D IC testing of our algorithm as compared to greedy assignment is significantly better by 21.8%.
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